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Abstract
The Fisher Terrane of the Prince Charles Mountains, East Antarctica, consists of a 
layered greenstone sequence at Fisher M assif consisting of mafic and felsic to 
intermediate volcanics and volcaniclastics with subordinate intercalated pelites, 
psammopelites, banded iron formations, cherts and carbonates. In contrast, layered 
felsic and intermediate gneisses occur at Nilsson Rocks and Mount Willing. These 
sequences were then variably intruded by gabbros and quartz diorites, granites and a 
series of minor mafic and felsic dykes. Deposition of the volcanic succession by lava 
and mass flows was in a subaqueous and locally subaerial environment within an 
intercontinental rift.
The post depositional history of the Fisher Terrane involves two unrelated low pressure 
(andalusite) greenschist to lower amphibolite facies metamorphic episodes -Mi at c. 1000 
Ma and M2 at c. 500 Ma. Mi was associated with Di, the most pervasive deformation 
identified, which overprints gabbro and diorite intrusives and is correlated with the 
widespread occurrence of amphibolite to granulite facies metamorphism and deformation 
throughout much of the East Antarctic Shield. D2 is recognised by open to tight folding 
of Si and primary layering and post dates intrusion of post Di granites. Mafic dykes 
were intruded after D2 and were then metamorphosed by M2. The M2 metamorphism 
was not associated with any deformation. M2 was followed by regional scale open 
folding, mylonite development and minor faulting.
Complex amphibole zonation within the ultramafic assemblages is characterised by up to 
two distinct associations of alternating actinolite to magnesio hornblende which reflect Mi 
and overprinting M2 greenschist to amphibolite facies metamorphic episodes. Mi 
amphiboles are distinguished from M2 amphiboles by an inner actinolite zone 
comparatively more enriched in Cr and an outer hornblende zone showing a late 
overprinting edenite substitution. Mi and M2 are constrained using pelitic assemblages 
of andalusite-cordierite-staurolite and K2O -poor assemblages of gedrite-staurolite-gamet- 
cordierite on petrogenetic grids to 625-675°C and 4.5-5.3kb and 640-675°C and 3.8- 
4.5kb respectively.
It is noteworthy that elsewhere within the East Antarctic Shield metamorphism was at 
amphibolite to granulite facies in highly deformed, deeply buried Middle Proterozoic 
supercrustal sequences. In contrast, the Fisher Terrane represents a portion of 
comparatively weakly deformed crust which was metamorphosed at lower pressures and 
greenschist to lower amphibolite facies. It is also distinctive in that it is the only Middle 
Proterozoic area of East Antarctica where surfical depositional features are preserved, 
thus giving insight into the deposition environment during this period.
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Introduction
1 .1  INTRODUCTION
The geology of the Enderby Land and Prydz Bay areas has been the focus of 
detailed studies over the past 20 years. Recently, considerable attention has been given to 
the Northern Prince Charles Mountains (NPCM's) with publications reporting on this 
work only starting to emerge. It is within the Prince Charles Mountains that the Fisher 
Terrane is situated. This terrain is anomalous in that it has, for the most part, not been 
metamorphosed to as high grade nor buried to as greater depths as the bounding 
orthogneiss terrains. In addition it represents one of the few regions within the East 
Antarctic Shield where primary depositional features are preserved.
The following introduction reviews the better understood geology and metamorphic 
evolution of Enderby Land and the Prydz Bay region. Within this context the current 
understanding of the NPCM's is reviewed and discussed in conjunction with the lesser 
understood Southern Prince Charles Mountains (SPCM's). A discussion of the setting of 
the Fisher Granite Greenstone Terrane within the NPCM's examines in more detail the 
geology of the immediately surrounding outcrops. Problems identified and the direction 
in which these are addressed for the Fisher Terrane and the overall tectonic setting are 
discussed within the scope and aims of the thesis.
1 .2  GEOLOGICAL SETTING OF ENDERBY LAND AND 
THE PRYDZ BAY REGION
The Precambrian East Antarctic shield has a number of Archaean terranes - the 
Napier Complex of Enderby Land, the Vestfold Hills and Rauer Islands in Princess 
Elizabeth Land and a large area of the southern Prince Charles Mountains (SPCMs). 
These Archaean blocks are bounded by an extensive Proterozoic metamorphic belt which 
extends from Enderby and Kemp Land through MacRobertson Land down into the 
NPCMs and up the Prydz Bay coast of Princess Elizabeth Land (Fig. 1.1). Late 
Proterozoic evolution includes emplacement of granitic, pegmatitic and alkaline intrusives 
and the development of mylonites and shear zones during or near the Pan African 500 Ma 
event. High grade metamorphism associated with the Pan African event has recently been 
recognised along the Liitzow Holm Bay coast and in the Larsemann Hills (Shiraishi et al. 
1992, 1994, Dirks etal. 1993)
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Fig. 1.1 The setting and regional geology of the Prince Charles Mountains 
within the East Antarctic Shield. Black represents major outcrop.
Table 1.1 is a provisional correlation of major events identified to date within the 
region providing a temporal reference of the present understanding of the tectonic history 
of the area. Table 1.1 has been modified from Table 10 of Sheraton et al (1987) 
incorporating later work which has further constrained some events.
1 .2 .1  A rchaean G e o l o g y
1.2.1.1 Lithologies
The Napier Complex of Enderby Land is subdivided into two major gneiss units: 
massive pyroxene-quartz-feldspar gneiss with minor mafic granulite and a layered gamet- 
quartz-feldspar gneiss with minor pelitic, psammitic and ferruginous metasediments 
(Sheraton et al. 1987). In the Vestfold Hills four principal gneiss units are recognised: a 
predominantly mafic granulite unit (Tryne metavolcanics), a mostly semi-pelitic unit with 
biotite-garnet-quartz-feldspar gneiss and orthopyroxene-garnet-quartz-feldspar gneiss 
(Chelnok supercrustals), a layered orthopyroxene-quartz-feldspar gneiss (Mossel gneiss) 
and an intrusive felsic orthogneiss (Crooked Lake gneiss) (Sheraton and Collerson 
1983). From within this latter unit Black et al. (1991) distinguish another unit which they 
designate the Grace Lake granodiorite. The Archaean of the Rauer Islands comprise 
predominantly of granitic, hypersthene orthogneiss containing abundant mafic gneisses
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both layered and as interlayered composite gneisses, pegmatite veins and pelitic 
paragneisses (Kinny et al. 1993).
1.2.1.2 Geochronology
The tectonic evolution of the Archaean Napier Complex, Vestfold Hills and Rauer 
Islands are temporally distinct. Earliest crustal formation within the older Napier complex 
is dated at 3700-3800 Ma with peak granulite facies metamorphism and granite 
emplacement associated with the 3070 Ma Di event (Black and James 1983, Black et a l . 
1986). A less intense 2900 Ma D2 event is associated with granulite facies 
metamorphism and granitoid emplacement. The last Archaean tectonic event within the 
Napier Complex was the 2460 Ma D3 event which was transitional between amphibolite 
and granulite facies and again was associated with granitoid emplacement (Black and 
James 1983, Black et a l . 1983, Black et a l . 1986).
Black et al. (1990, 1991) identify only two late Archaean tectonothermal events 
within the Vestfold Hills. These are constrained by emplacement ages of 2526 ± 6 Ma to 
2501 ± 4 Ma for the Mossel gneiss, which predates D\ and the post- D i, pre- D2 
emplacement of the Crooked Lake gneiss at 2501 ± 4 Ma to 2484 ± Ma. Constraining the 
timing of D2 is the syn-tectonic emplacement of the Grace Lake granodiorite with an age 
of 2487 ± 6 Ma (Black et al. 1990, 1991).
Kinny et al. (1993) have determined crystallisation ages of 3300 Ma and 2800 Ma 
for extensive granitic orthogneisses within the Rauer Islands. These Archaean 
orthogneisses are significantly older than the adjacent 2500 Ma Vestfold terrain and are 
interpreted by Kinny et al. (1993) to have evolved separately and only were juxtaposed 
late in the middle Proterozoic. Passchier et al. (1991) attribute this juxtaposition to over 
thrusting of the Rauer Islands terrain on the Vestfold Hills terrain. Besides explaining in 
deformational styles, this scenario also accounts for the interpreted burial of the Vestfold 
terrain contemporaneous with decompression of the Rauer terrain (Passchier etal. 1991).
1.2.1.3 Metamorphism and Deformation
Discussion of Archaean metamorphic and deformational evolution has received a 
great deal of attention. The Napier Complex for example has been described by Ellis et 
al. (1980), Ellis (1980, 1983), Sheraton eta l. (1980, 1987), Grew (1981), Black eta l. 
(1983), Harley (1983, 1985a, 1985b), Ellis and Green (1985), Sandiford 1985 and 
Sandiford and Wilson (1986), the Vestfold Hills by Collerson et al. (1983), Parker et al. 
(1983), Sheraton and Collerson (1983) and Black et al. (1991) and to a lesser extent the 
Rauer Islands by Kinny et al. (1993).
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Peak high grade metamorphic conditions within the Napier Complex reached 
temperatures of 900°-1000°C and pressures of 7-10kb. Subsequent retrogression 
associated with M2/D2 and M3/D3 followed an isobaric cooling path through 750°-850°C 
and 5-7kb to 600°-750°C and 4-8kb respectively (Ellis 1980, 1983, Ellis and Green 1985, 
Harley 1983, 1985b, Sandiford 1985, Sheraton et al. 1987).
Only limited data exists on the Archaean metamorphism within the Vestfold Hills 
Block. Parker et al (1983) calculate metamorphic temperatures of 804°C and 620°C at 
"medium" load pressure. Parker et al .(1983) suggest these temperatures result from two 
metamorphic events related to Di and/or D2. and D3 respectively. However Black et al. 
(1991) indicate Di and D2 to be related to M] and M2 respectively.
The Rauer group contains Archaean orthogneisses in the Long Island area. High 
magnesian meta-pelitic rafts within these gneisses equilibrated at extreme conditions of 
metamorphism - 1000°C-1050°C and 10kb-12kb, similar to the Napier Complex of 
Enderby Land (Harley and Fitzsimons 1991, Kinny et al. 1993). These high P-T 
granulites preserve Di and D2 elements and are inferred by Harley and Fitzsimons (1991) 
to possibly reflect a previous Archaean high grade metamorphic episode. However the 
restricted occurrence of Di and D2 structures to localised granulite rafts lead Kinny et al. 
(1993) to only constrain these associations to pre- 1000 Ma / D3.
Similar high P-T conditions of 980°C and lOkb on Sostrene Island were calculated 
from compositional data on garnets mantled by symplectic coronas in mafic granulites 
(Thost et al. 1990, 1991). Although not yet constrained by isotopic dating, Thost et al. 
(1990, 1991) consider this represents a late Archaean or early Proterozoic rem nant. This 
would imply a far more extensive Archaean crustal protolith along the Prydz Bay coast 
than is constrained at present.
1.2.1.4 Dolerite Dykes
Unmetamorphosed Early to Middle Proterozoic continental tholeiite dyke swarms 
are restricted to the Archaean Napier Complex and Vestfold Hills cratons (Sheraton and 
Black 1981, Sheraton and Collerson 1983, Collerson and Sheraton 1986, Sheraton et al. 
1987). In contrast, metamorphosed and deformed mafic dykes are preserved within 
adjacent Late Proterozoic metamorphic terranes of the Rayner Complex and Rauer Group 
(Collerson et al. 1983, Sheraton and Collerson 1983, Harley 1987, Sheraton et al. 1987).
These were interpreted as metamorphosed equivalents of the unmetamorphosed and 
undeformed dykes of the Napier complex and Vestfold Hills (Sheraton et al. 1980, 
Collerson et al. 1983, Sheraton and Collerson 1983, Collerson and Sheraton 1986, 
Sheraton et al. 1987). However such a correlation is complicated by the interpreted late
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Proterozoic juxtaposition of the Vestfold Hills orthogneiss terrain and the older Archaean 
orthogneisses in the Rauer Islands (Kinny et al. 1993). With the absence of isotopic ages 
for the metamorphosed dykes, correlation of the undeformed and deformed dykes across 
the Vestfold and Rauer terrains respectively is not necessarily a valid assumption.
1.2.2 Proterozoic Geology
Proterozoic geology, deformation and metamorphism has been described for 
Enderby Land, for example by Grew (1978, 1981), Sheraton et al. (1980, 1987); Ellis 
(1983), Black et al. (1987) and the Prydz Bay area by Sheraton et al. (1984), Harley 
(1987, 1988), Stiiwe and Powell (1989a, 1989b), Stiiwe et al. (1989), Buick et al. 
(1990), Fitzsimons and Harley (1990, 1991a), Motoyoshi et al. (1991), Nichols and 
Berry (1991) and Thost et al. (1990, 1991), Passchier et al. (1991), Harley et al. (1992), 
Ren et al. (1992), Dirks et al. (1993); and along the Mawson coast area by Trail et al. 
(1967), Clarke (1988), Ciarke et al. (1989), Young and Ellis (1990) and Young and 
Black (1991).
The extensive Proterozoic terrain outlined in Figure 1.1 consists of rocks of both 
Proterozoic origin and reworked Archaean protolith. Reworked Archaean rocks along the 
margins of the Napier Complex and Vestfold Hills occur within the Late Proterozoic 
metamorphic terrains of the Rayner Complex and Rauer Group Islands respectively 
(Sheraton et a l . 1980, Ellis 1983, Sheraton and Black 1983, Sheraton et al. 1984, Harley 
1987, Kinny and Black 1990, Kinny et al. 1993). Only limited tectonic reworking of the 
Vestfold block is evident in localised shear zones and associated dolerite dykes (Sheraton 
and Collerson 1983, Passchier et al. 1991, Kinny et al. 1993). In contrast the adjacent 
Archaean orthogneisses within the Rauer Group show extensive tectonic reworking 
between 1030 Ma and 1000 Ma (Kinny et al. 1993).
Much of the Rayner Complex was previously thought to be reworked Archaean 
Napier Complex based on the presence of metamorphosed dykes, chemically similar 
geisses in the Napier Complex (Sheraton et al. 1980, Sheraton and Black 1983) and 
contrasting metamorphic P-T paths between the two complexes (Ellis 1983). However 
Black et al. (1987) interpreted from a detailed isotopic study that most of the Late 
Proterozoic Rayner Complex was formed by reworking of Middle Proterozoic rocks and 
only along the eastern contact with the Napier complex are reworked Archaean rocks 
present.
A similar Middle Proterozoic age of the basement is also interpreted for the adjacent 
Late Proterozoic metamorphic terrane along the Mawson coast area of MacRobertson 
Land based on U-Pb zircon ages from felsic xenoliths within the widespread Late 
Proterozoic chamockite intrusives (Young and Ellis 1990, Young and Black 1991).
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1.2.2.1 Lithologies
The Rayner Complex is an extensive orthogneiss terrain comprising pyroxene - 
biotite - quartz - feldspar ± hornblende and garnet - biotite - quartz - feldspar ± pyroxene 
gneisses with minor mafic and ultramafic rocks, pelitic metasediments, calc-silicate and 
carbonate rocks and granitic intrusives (Sheraton et al. 1987).
Along the Prydz Bay coast the Proterozoic geology is similar to the Rayner 
Complex with pyroxene and garnet orthogneisses as the most abundant rock type 
(Sheraton and Collerson 1983). The orthogneiss dominated terranes of the Rauer Group 
and the Munro Kerr Mountains are separated by a paragneiss dominated terrane in the 
Larsemann Hills (Harley 1987, Stiiwe and Powell 1989a, Stiiwe et al. 1989, Fitzsimons 
and Harley 1991a). Sheraton et al. (1984) interpret the paragneiss sequence along the 
Prydz Bay coast to have been derived from erosion of a Middle Proterozoic basement and 
suggest the Rauer Group orthogneiss terrane to exemplify this source.
1.2.2.2 Metarnorphism and Deformation
Tectonic evolution of the Late Proterozoic metamorphic terranes prior to a 
widespread c. 1100-1000 Ma granulite facies metamorphic episode involve up to three 
deformation events (Harley 1987, Sheraton et al. 1987, Clarke 1988, Fitzsimons and 
Harley 1991a, Nichols and Berry 1991). Sheraton et al. (1987) and Clarke (1988) 
indicate three Proterozoic deformations developed prior to or synchronous with the c. 
1000 Ma granulite facies metamorphism within the Rayner Complex and along the 
Mawson coast. The timing of two early deformations prior to c. 1000 are poorly 
constrained with Dj and possibly D2 in the Rauer Islands inferred by Harley (1987) as 
developing during the Archaean. D3 and D4 are more tightly constrained within the Rauer 
Islands to between 1030 Ma and 1000 Ma (Kinny et al. 1993), cotemporaneous with 
extensive granulite facies metamorphism (Fitzsimons and Harley 1991a). D3 is correlated 
with D i in the Larsemann Hills area (Fitzsimons and Harley 1991a)and was associated 
with granulite metamorphism at shallower crustal levels than recorded for the surrounding 
orthogneiss terrains (Stiiwe etal. 1989).
Granulite facies metamorphism in the Rayner Complex is of lower grade than in the 
neighbouring Archaean Napier Complex, with P-T estimates ranging 550°C to 800°C and 
4.5kb to 8kb (Grew 1981, Ellis 1983, Black et al. 1987). Similarly P-T estimates along 
the Prydz Bay coast range from 750°C to 860°C and 6kb to 9kb (Harley 1987, Harley 
1988, Stiiwe and Powell 1989a, Buick et al. 1990, Fitzsimons and Harley 1990, 1991a, 
Harley and Fitzsimons 1991, Motoyoshi et al. 1991, Nichols and Berry 1991, Thost et 
al. 1990, 1991). Lower pressure peak Mi conditions in the Larsemann Hills are 
calculated at 750°C and 4.5 kb (Stiiwe and Powell 1989a).
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Interpreted retrograde P-T conditions for the Late Proterozoic terranes consistently 
show initial near isothermal decompression from the metamorphic peak followed by 
subsequent cooling (Ellis 1983, Harley 1985b, 1987, Sheraton et al. 1987, Harley 1988, 
Stiiwe and Powell 1989a, Fitzsimons and Harley 1990, 1991a, Harley and Fitzsimons 
1991, Nichols and Berry 1991, Thost et al. 1991).
However recent work of Dirks et al. (1993) on the Larsemann Hills indicate post 
Di folding, shearing and mylonites formed between 600 Ma and 500 Ma during the Pan- 
African event. These structures are associated with emplacement of granites and 
pegmatites during granulite to amphibolite facies metamorphism (Ren etal. 1992, Dirks et 
al. 1993). Dirks et al. (1993) proposed association of D2 with the 500 Ma questions the 
reliability of the widely described post 1000 Ma decompression and subsequent cooling 
often involving an assumed short period between Di and later deformation. Dirks et al. 
(1993) suggest many of the high grade decompression textures recognised maybe 
attributed to transient changes in water activity. However they do concede that some 
decompression within the terrain did occur as evidenced by the presence of fluid absent 
mineral reaction textures.
Recognition of a significant 500 Ma event is now widely documented. This event 
is characterised by intrusion of granites and pegmatites, shearing and mylonite formation 
with associated metamorphism ranging from granulite to greenschist facies (see Table.
1.1 and accompanying references). At the Larsemann Hills, Ren et al. (1992) and Zhao 
et al. (1992) record M2 c. 500 Ma Pb-Pb single zircon and Sm-Nd isochron ages on 
partial melts and granitic dykes associated with high grade metamorphism, while within 
the Rauer Islands Kinny et al. (1993) report widespread Pb loss at 500 Ma. In addition 
Shiraishi et al. (1992, 1994) report on the identification of a 500 Ma mobile belt in the 
Liitzow-Holm complex west of Enderby Land.
1 .3  GEOLOGICAL SETTING OF THE PRINCE CHARLES 
MOUNTAINS
The Prince Charles Mountains (PCMs) represent an extensive chain of outcrop 
extending inland along the Lambert glacier. This mountain belt is divided into the 
Northern Prince Charles Mountains (NPCMs) and Southern Prince Charles Mountains 
(SPCMs). Current geological understanding is not yet as thorough as that for Enderby 
Land or the Prydz Bay coast. However in the last few years a great number of 
publications have been produced from the recently completed field programs in the 
NPCMs.
A Mid Proterozoic crustal formation timing for the granulite and upper amphibolite 
facies orthogneiss terrains of the Prince Charles Mountains is indicated by limited Rb-Sr
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isotopic data (Tingey 1982) and inferred by field relationships and correlations with the 
better constrained geology of the Prydz Bay region (Grew 1982).
The geology, structure and metamorphism of the PCMs has been described by 
Crohn (1959), Mond (1972), Tingey (1972), Hofmann (1982), Grew (1982), Lopatin 
and Semenov (1982), Tingey (1982), McKelvey and Stephenson (1990), Fitzsimons and 
Harley (1991b, 1992), Kamenev and Krasnikov (1991), McKelvey (1991), Fitzsimons 
and Thost (1992), Manton et al. (1992), Mikhalsky et al. (1992, 1993), Munksgaard et 
al. (1992), Thost and Hensen (1992), Kamenev et al. (1993) and Hand et al. (unpub. 
MS.) and further north at Depot Peak between the PCM's and Mawson by Stiiwe and 
Hand (1992). In the south of the NPCM's within the Late Proterozoic metamorphic 
terrane is the Fisher Granite-Greenstone terrane comprising of Fisher Massif, Nilsson 
Rocks and Mount Willing (Fig. 1.2).
1 . 3.1  Northern Prince Charles Mountains
The NPCMs consist mainly of middle Proterozoic felsic orthogneiss and banded 
gneiss with lesser mafic and ultramafic gneiss, meta-sedimentary gneiss and calc-silicates 
(Tingey 1972, Tingey 1982, Fitzsimons and Harley 1991b, Fitzsimons and Thost 1992, 
Munksgaard et al. 1992, Thost and Hensen 1992, Kamenev et al. 1993, Hand et al. 
unpub. MS.). Deformed charnockite and other granitic intrusions, associated with the 
1000 Ma metamorphic event are recognised throughout the region (Fitzsimons and Thost 
1992, Manton et al. 1992, Black 1993). Subordinate undeformed intrusives consist of 
mafic, ultramafic and alkali dykes, pegmatites and granites which have variably been 
attributed to a 500 Ma tectonothermal event (Tingey 1982, Fitzsimons and Thost 1992, 
Hand et al. unpub. MS.). In the Beaver Lake region (Fig. 1.2) an extensive Permian 
cover sequence of coal bearing fluvial sediments and conglomerates is located along the 
western margin of the Lambert graben (Mond 1972, McKelvey and Stephenson 1990). 
A number of alnöite sills and alkaline dykes intrude the Permian sequence and to the 
west, of Manning Massif a small tristanite lava flow is present (Sheraton 1983, 
McKelvey and Stephenson 1990, Mikhalsky et al. 1992).
Fitzsimons and Thost (1992) identified eight deformational events within a granulite 
facies basement and local charnockite intrusives of the Porthos Range and in local areas 
of the Athos and Aramis Ranges. Two deformations D3 and Ü6 control the structural 
orientation of the area. The early deformations Di and D2 are resolved as discordant, 
folded, fine pervasive foliations and lineations preserved only within mafic and ultramafic 
pods and layers. D4 and D5 are only minor deformations related to D3 and probably Dß 
respectively rather than single events in their own right. The last two deformations D7 
and Dg are represented by small scale sub-horizontal shear zones and mylonite,
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Fig. 1.2 Geology of the Prince Charles Mountains outlining the spatial 
relationship of metamorphism and the location of the Fisher 
Granite-Greenstone Terrane. Compiled from Tingey (1972) and 
D'Addario and Mikolajczak (1982).
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pseudotachylite and micro-deformational effects respectively which deform the basement 
gneiss and charnockite throughout the NCPMs.
Hand et al. (unpub. MS.) identify three major deformations and a series of late 
brittle structures at Else Platform. In contrast to the six high grade deformations of 
Fitzsimons and Thost (1992), Hand et al. (unpub. MS.) correlate two high grade 
deformations, D i and D2 with the D3 and events of Fitzsimons and Thost (1992). 
These deformations are characterised by strong gneissic foliation development with 
folding and shearing associated with D2. Subsequent deformations produced upright 
folding, a number of shear zone sets and associated granitic and pegmatitic intrusives 
followed by later brittle faulting and intrusion of alkaline mafic dykes.
Metamorphic grade within the PCMs increases to granulite facies in the north while 
further south the grade generally decreases to lower amphibolite/upper greenschist facies 
in the SPCMs (Fig 1.2). Metamorphic pressure and temperature estimates available for 
the PCMs are confined to granulites of the NPCMs. Buick et al. (1990), Fitzsimons and 
Harley (1991b) and Fitzsimons and Thost (1992) calculate temperatures of 700°C-800°C 
and pressures of 6kb-7kb.
The apparent widespread evidence for a decompressional retrograde P-T path for 
the 1000 Ma event along the Prydz Bay coast and in the Rayner Complex is not consistent 
with retrograde P-T paths determined for the Mawson coast area and the NPCMs. Clarke 
et al. (1989) based on petrogenetic grid constraints indicate an isobaric cooling path but 
are inconclusive as to whether this path is from a metamorphic peak or was preceded by a 
period of isothermal decompression. However Fitzsimons and Harley (1991b, 1992) 
and Fitzsimons and Thost (1992) indicate a near isobaric cooling retrograde path from an 
approximate peak of 800°C and 6kb to 7kb for NPCM granulites.
1 . 3.2  Southern Prince Charles Mountains
Within the SPCMs the Archaean is characterised by two distinct rock associations: 
an orthogneiss basement of granitic through to granodioritic composition and a meta­
sedimentary, volcanic cover sequence of predominantly quartzite, pelitic slates, phyllites 
and mica schists and amphibolite with subordinate meta-conglomerates, calc-silicates and 
banded iron formations (Grew 1982, Tingey 1982). An age of 2750-2900 Ma for the 
basement lithologies and 2580 Ma for the cover sequence are based on Rb-Sr isochron 
data with the latter being a minimum age constrained by dating of a single pegmatite dyke 
(Tingey 1982). Russian workers in the SPCMs identified an Archaean granite - 
greenstone terrane at Mt Ruker and within the southern Mawson Escarpment. These 
consist of deformed volcanic-sedimentary greenstone sequences tectonically interleaved
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with deformed biotite-amphibole and biotite tonalitic to trondhjemitic orthogneisses and 
younger more felsic granite pegmatites. This whole sequence range in age from 3200 Ma 
to 2300 Ma (Kamenev and Krasnikov 1991, Kovach and Belyatsky 1991).
Hofmann (1982) and Tingey (1982) identify an episode of folding and associated 
metamorphism which they consider occurred between 1100 Ma and 800 Ma. Hofmann 
(1982) considers this was followed by deposition of a sedimentary cover sequence 
associated with uplift and erosion of the basement which was subsequently folded and 
metamorphosed between 600 Ma and 500 Ma.
The lower grade rocks of the SPCMs result from a combination of retrograde lower 
amphibolite facies metamorphism and low grade progressive metamorphism (Tingey 
1982). Lopatin and Semenov (1982) calculate amphibolite facies P-T conditions of 500° 
to 600°C and 5 to 7kb for the Proterozoic cover sequence at 1000 Ma. Localised areas of 
granulite facies metamorphism within the SPCM's are: to the very south, relict Archaean 
high grade cores; Proterozoic two pyroxene granulites at the northern tip of the Mawson 
Escarpment; and lower granulite facies at Mount Isabelle possibly an extension of the 
granulites of the Mawson Escarpment (Sheraton unpub. M/S., Tingey 1982). Retrograde 
assemblages with kyanite, garnet and staurolite suggest an isobaric cooling path (Tingey 
1982).
1 .4  GEOLOGICAL SETTING OF THE FISHER TERRANE
Outcrop which bounds the Fisher terrane comprises felsic gneiss with subordinate 
pelitic gneiss, calc-silicate and amphibolite. To the north of the Fisher Terrane are 
Mounts Meredith, Lanyon, Collins and the Mounts Gleeson and Woinarski areas and to 
the south in the SPCM's are Shaw and Clemence Massifs, Ely, Bosse Nunataks and 
Mount Johns (Fig. 1.3).
1.4.1 Lithologies
Banded felsic gneiss and orthogneiss predominate at Mount Meredith, Mount 
Lanyon and the Mount Gleeson area with a common assemblage of biotite + quartz + 
feldspar and minor garnet and hornblende (± hypersthene and clinopyroxene at Mount 
Lanyon) (Sheraton unpub. M/S., Tingey 1972, Kamenev et al. 1993). Mount Collins 
comprises a series of charnockite, syenite/monzonite and a biotite granite which are cross 
cut by a network of metamorphosed mafic dykes (Sheraton unpub. M/S., Tingey 1972, 
Mikhalsky et al. 1992). Calc-silicates become more important at Mount Lanyon with 
typical assemblages including quartz, calcite, plagioclase, hornblende, sphene, scapolite 
and minor clinopyroxene and orthopyroxene (Tingey 1972, Kamenev et al. 1993). 
Pelitic gneisses with sillimanite, cordierite and biotite, and sillimanite-muscovite occur at
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Fig. 1.3 Location map of the outcrop which immediately surrounds the
Fisher Terrane (Fisher Massif, Mount Willing and Nilsson Rocks).
Mount Meredith and Mount Lanyon (Tingey 1972, Kamenev et al. 1993). Migmatites 
and late granite and pegmatite intrusives are common. Concordant amphibolite and 
retrograde granulite bodies which may represent relic mafic dykes, and minor 
unmetamorphosed lamprophyre dykes also occur at Mount Meredith and in the Mount 
Gleeson area (Tingey 1972, Kamenev et al. 1993). Detailed maps of mount Lanyon and 
Mount Meredith are presented in Kamenev et al. (1993).
The massifs, mountains and nunataks of the northern SPCM’s principally comprise 
of felsic gneiss with a greater abundance of garnet and a relative absence of hornblende 
compared with the NPCM’s (Sheraton unpub. M/S.). Sillimanite and garnet bearing 
pelitic metasediments occur at Shaw Massif and Mount Johns. Calc-silicates with a
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typical assemblage of quartz + diopside ± biotite ± hornblende ± plagioclase ± scapolite 
occur at Ely Nunatak, Shaw Massif and Mount Johns. Interlayed within the felsic 
gneisses and metasediments in much of the northern SPCM's are concordant 
amphibolites possibly representative of deformed and metamorphosed dykes (Sheraton 
unpub. M/S.).
1.4.2 Metamorphism
Metamorphic grade in the surrounding terranes is upper amphibolite facies as 
indicated in mineral assemblages in both the NPCM's (Tingey 1972) and SPCM's 
(Sheraton unpub. M/S.). Minor cordierite-sillimanite pelitic assemblages at Mounts 
Meredith and Lanyon, concordant amphibolites ± minor secondary phases of sphene, 
epidote and actinolite at Mounts Meredith and Lanyon, the Mount Gleeson area and 
within the northern SPCM's region and the common felsic gneiss assemblages in both the 
NPCM's and the SPCM’s of biotite + quartz + feldspar ± hornblende, and garnet + 
biotite + quartz + feldspar are consistent with amphibolite facies metamorphism (Sheraton 
unpub. M/S., Tingey 1972, Kamenev et al. 1993). However the presence of retrograde 
mafic granulites at Mount Meredith, Mount Lanyon and the Mount Gleeson area and 
localised occurrences of orthopyroxene in felsic gneisses at Mount Meredith and within 
calc-silicates at Mount Lanyon (Tingey 1972, Kamenev et al. 1993) suggest previous 
granulite facies conditions were reached within the region.
1 .5  SCOPE AND AIM OF THESIS
The very nature and setting of the Fisher Granite-Greenstone Terrane within the 
Prince Charles Mountains has important implications for improving the understanding of 
the tectonic evolution of the 'inland' Proterozoic of the East Antarctic Shield. The 
lithological and metamorphic distinction of the Fisher Terrane compared to the 
surrounding upper amphibolite to granulite facies terrains. This suggests a tectonic 
evolution distinct from that of the orthogneiss terrain.
Due to the significant lack of detailed stratigraphic, structural, metamorphic and 
geochemical understanding of much of the region it is difficult to relate the Fisher Terrane 
with any reliability to the tectonic evolution of the PCM's. With this in mind the scope of 
this thesis is to place the geology of the Fisher Terrane within a framework of the regional 
structural and metamorphic evolution of East Antarctica.
The aims of this study are-
1. to describe the geology and produce a geological map of the Fisher 
Terrane.
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2. to describe and detail the petrographic relationships within the Fisher Terrane 
and determine the nature and history of metamorphism.
4. to characterise the geochemistry of the Fisher Terrane
5. to synthesis a preliminary tectonic framework for the Fisher Terrane within the 
PCM 's.
Chapter 2
Geology of the Fisher 
Terrane
2 .1  INTRODUCTION
The Fisher Terrane comprises Fisher Massif, Nilsson Rocks and Mount Willing. 
In contrast to the surrounding orthogneiss dominated terrains, the Fisher Terrane is 
characterised by a layered greenstone sequence at Fisher M assif and a felsic to 
intermediate gneissic sequence at Nilsson Rocks and Mount Willing, variably intruded by 
meta-gabbros and meta-diorites, meta-granites and a series of minor meta-mafic and 
granitic to pegmatitic dykes. The greenstone sequence comprises a succession of mafic 
and felsic to intermediate meta-volcanics and meta-volcaniclastics with subordinate 
intercalated detrital and chemical meta-sediments of pelites and psammopelites, banded 
iron formations, cherts and carbonates. Banded felsic and intermediate gneisses are 
characteristic of Nilsson Rocks and Mount Willing, with gabbroic intrusives dominant at 
Mount Willing. The metamorphic grade of the Fisher Terrane ranges from widespread 
lower amphibolite facies to a localised area of hornblende granulite facies rocks.
Mount Collins is considered part of the Fisher Terrane by Kamenev and Krasnikov 
(1991) and Kamenev et al. (1993), although reasons are unclear as the only common 
relationship is amphibolite facies metamorphism which also occurs elsewhere. In this 
study Mount Collins is not considered to be part of the Fisher Terrane. Chamockites are 
common throughout the PCM's but are absent from Fisher Massif, Mount Willing and 
Nilsson Rocks. The Mount Collins charnockite has a weak foliation with included 
coextensive lenses of foliated amphibolite. Fitzsimons and Thost (1992) report these 
same relationships locally within the chamockites of the Porthos Range. Emplacement of 
the Mount Collins charnockite is dated at 1000 Ma (Black 1993), contemporaneous with 
the chamockites in the Porthos and Aramis Ranges (Fitzsimons and Thost 1992) and the 
Mawson charnockite (Young and Black 1991). There is no evidence to suggest that 
Mount Collins is part of the Fisher Terrane. Unless the host lithologies which are 
intruded by the Mount Collins charnockite series are identified to indicate otherwise, 
Mount Collins should be considered as part of the surrounding orthogneiss terrain.
Previous work on the Fisher Terrane is limited. Australian geologists during the 
1971 season in the NPCMs briefly visited Fisher Massif, Nilsson Rocks and Mount 
Willing, and collected samples at a restricted number of localities. Results of this work 
are presented in Tingey (1972). During the 1973 season in the SPCM's Australian 
geologists again briefly visited Fisher Massif and Mount Willing. Recent Australian
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programs in the NPCMs have seen detailed mapping completed through much of the 
region. Work on the Fisher Terrane aside from this present study has been directed at 
quaternary and glacial studies on Fisher Massif (eg. Adamson and Darragh 1990, Mabin 
1990, 1992). However Russian geologists have spent a number of seasons working 
within the Fisher Terrane (eg Fedorov et al. 1987, Kamenev and Krasnikov 1991) and 
recently started a more detailed mapping program on Fisher Massif during the 90/91 
season though this was not continued during the 91/92 season.
2 .2  PHYSIOGRAPHY OF THE FISHER TERRANE
The Fisher Terrane outcrops over a 2500 km2 area on the western margin of the 
Lambert Glacier. The ice sheet draining through the terrane into the Lambert Glacier by a 
series of outlet glaciers is at approximately 920m A.S.L at the western comer of Mount 
Willing and drops to approximately 100m A.S.L. at the eastern corner of Fisher Massif 
and around Nilsson Rocks within the Lambert Glacier.
Fisher Massif is the largest exposure of rock within the terrane and is characterised 
by extensive high level plateaus in the north and central areas and knife ridges bounded 
by alpine glaciers draining off the massif in the south and north central areas (Fig. 2.1a 
and b). Two dry valleys divide the terrane in the central part of the Massif. The largest 
trends NW-SE transecting the massif, separating a central plateau from the glaciated 
mountainous terrain to the north (Fig. 2.1c) while the other smaller valley trends 
longitudinal to the massif through the central plateau. The southern extent of this central 
plateau is terminated by large cirques and glaciated valleys of an alpine glacial terrane 
(Fig. 2 .Id). Outcrop is of glacier bounded steep escarpments and knife ridges. Mt 
Johnson occurs in the northeast comer of this southern terrane and is the highest point on 
Fisher Massif at approximately 1770m A.S.L.
Outcrop on Fisher Massif is dominated by felsenmeer (locally derived frost 
shattered and broken rock) and moraine (Fig. 2.1b). Insitu undisturbed outcrop is only 
present locally along knife ridges and steep rock escarpments. Moraine and glacial drift 
sheet deposits are prominent on the central plateau and low relief areas such as the dry 
valleys and tongues of alpine glaciers. Massive moraine deposits (lateral moraines to the 
Lambert Glacier) occur along the SW margin of the massif (Fig. 2.1a).
Mount Willing is a flat topped 'mesa' like exposure trending east-west and rises up 
to approximately 700 metres above the ice at the eastern tip (Fig. 2.2) and approximately 
400 metres above ice level at the western end. Felsenmeer again predominates on the flat 
topped plateaued surface with insitu outcrop best exposed on the cliff margins. From the 
base of the cliff margin to ice level are steep scree slopes with localised ridges of insitu 
outcrop. Moraine deposits occur predominantly around the present ice level fringing the
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Fig. 2.1 (a) Map of the glacial landforms on Fisher Massif (From Mabin
1992).
( b ) The central plateau looking southwest across the
AfW-SE dry valley, note the typical felsenmeered terrain.
(c) Looking southeast down the large central dry valley.
(d) Alpine glaciers at the south end of Fisher Massif, note the 
sharp bounding ridges.
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mount in the east but are more invasive at the lower relief western end of the mount. A 
number of what are apparently "ice flooded cirques" occur along the south west comer of 
the mount. The term flooded cirques is used here to describe the apparent inundation of 
alpine glacial valleys by high plateau ice levels.
In contrast to both Fisher Massif and Mount Willing, Nilsson Rocks has little to no 
relief from the surrounding ice sheet reaching a maximum of approximately 20 metres 
above the ice. It is characterised by a hummocky terrain with the lower valleys typically 
filled with moraine of apparent local derivation (Fig. 2.3). The rounded small hills of the 
area often comprise of ice shattered felsenmeer with minor moraine and rare localised 
insitu outcrop.
It is emphasised that most contact relationship features described on Fisher Massif, 
Nilsson Rocks and Mount Willing are resolved through outcrop dominated by 
felsenmeer. Felsenmeer, the product of frost shattering and ice heaving effects, disrupts 
and locally mixes the broken outcrop, obscuring identification of contact relationships 
between commonly distinct units and often destroys inter unit relationships such as 
layering and structural orientations. Thus in felsenmeer dominated terranes detailed 
structural analysis is often not possible.
Fig. 2.2 The eastern end of 
Mount Willing showing the flat 
topped mesa like form and the steep 
escarpment to the ice. from Fisher Massif with Mount 
Clements in the background.
highlights the low relief of 
Nilsson Rocks looking south
Fig. 2.3 This photo
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2 .3  CLASSIFICATION OF LITHOLOGIES
Fisher Terrane rocks are subdivided into greenstone sequence rocks and meta- 
intrusive rocks. The further subdivision of these two groups are discussed in detail in the 
following sections.
Classification of the meta-intrusive rocks is by modal abundance according to the 
classification criteria outlined in "Plutonic rocks, classification and nomenclature 
recommended by the IUGS subcommission on the systematics of igneous rocks" 
(Streckeisen 1973). This classification scheme does not distinguish between gabbro and 
diorite by modal abundance on the QAP ternary composition diagram but requires 
plagioclase composition to be known, i.e. rocks with anorthite contents of plagioclase 
greater than 50 % are classified as gabbros.
Recrystallisation of these meta-intrusive rocks has in many samples made optical 
identification of plagioclase composition equivocal. In addition the composition of 
plagioclase will change with recrystallisation and metamorphism. Thus a general 
classification of meta-gabbros and meta-diorites based on plagioclase composition is not 
feasible and not possible as field criteria. There is a continuous compositional range 
between the interpreted meta-gabbros and meta-quartz diorites which for consistency with 
field criteria are classified here on the modal abundance of amphibole and biotite relative 
to the felsic components. The anorthite content where it is determined within relict 
plagioclase is consistent with the classification of Streckeisen (1973) for gabbro and 
diorite.
The greenstone sequence is subdivided into meta-volcanics and meta-sediments. 
Classification of these rock units is based on the concept of a “mappable rock unit” as 
presented in Stevens and Willis (1982) and defined in Bates and Jackson (1980) as a 
“Lithostratigraphic unit”. This concept involves describing rock units at “map scale” 
according the relative proportions of individual rock types present.
The term meta-volcanics encompasses three distinct lithological subdivisions which 
are classified according to the ternary diagram in figure 2.4. These subdivisions of mafic 
volcanics, felsic to intermediate volcanics and volcaniclastics are distinguished on the 
bases of composition and relict textural relationships. Classification of the volcaniclastics 
is based on the non-genetic classification scheme of Cass and Wright (1987, Table 12.7). 
Ultramafic units are not included within the above classification due to the minor 
abundance of the lithology. Factors which distinguish the protolith as volcanic are 
discussed in the following sections.
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META-VOLCANICS CLASSIFICATION V
V
F
M
VMF
FMV
MFV
Units comprising principally volcaniclastics 
(greater than 90%).
Units comprising principally felsic to intermediate volcanics 
(greater than 90%).
Units comprising principally Mafic volcanics 
(greater than 90%).
Units comprising volcaniclastics with lesser mafic and felsic 
to intermediate volcanics.
Units comprising felsic to intermediate with lesser mafic and 
volcaniclastics volcanics.
Units comprising mafic volcanics with lesser volcaniclastics 
and felsic to intermediate volcanics.
Fig. 2.4 Classification scheme for the meta-volcanics on Fisher Massif 
based on the concept of a mappable rock unit (based on Stevens 
and Willis 1982).
Three distinct lithological groups of meta-sediments have been described: pelitic to 
psammitic units; banded iron formations and cherts; carbonates. Classification of the 
pelites, psammopelites and psammites are based on the criteria of Stevens and Willis 
(1982) but are undifferentiated on the 1:100,000 geology map due to their minor 
occurrence.
Banded felsic and intermediate gneisses on Nilsson Rocks and Mount Willing are 
not mapped separately. Only mafic gneisses within the sequence are differentiated except 
on Mount Willing where rudimentary field coverage make further discrimination 
unreliable and misleading.
2 .4  GEOLOGY OF FISHER MASSIF
Fisher Massif is studied in most detail and is the better understood of the three areas 
of the Fisher Granite-Greenstone Terrane. Russian geologists have recently published 
geological maps of Fisher Massif (Kamenev and Krasnikov 1991, Kamenev et al. 1993). 
These maps will be discussed in the context of findings in this study in section 2.5. Early 
work recognised the lower amphibolite facies metavolcanic - granitoid association of 
Fisher Massif (Tingey 1972). More recent work has better defined the nature and 
distribution of the greenstone meta-volcanics, volcaniclastics and meta-sediments and the 
meta-granites meta-gabbros and later minor intrusives (Fedorov 1987, Kamenev and 
Krasnikov 1991, Mikalsky et al. 1992, 1993, Kamenev et al. 1993). The latter three of 
the above authors report on the recent discovery of thin kimberlite dykes which they 
attribute to an early Cretaceous emplacement correlating with the alkaline intrusive 
complex on Jetty Peninsula.
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Previous geochronological studies on Fisher Massive are limited, with only one 
Rb-Sr isochron age of 870±65 Ma for the meta-biotite granodiorite in the north of the 
massif (Kamenev and Krasnikov 1991). Preliminary U-Pb ages from a SHRIMP ion- 
microprobe produced ages for the above meta-granodiorite of 1000 Ma and 1300 Ma for 
an earlier meta-quartz diorite (Black 1993). An age of 1250 Ma was obtained for the 
meta-volcanic sequence (Black 1993).
Much of the surficial exposure of Fisher Massif comprises moraine and glacial 
sheet drift deposits constituting approximately 30 to 35% of outcrop. Alpine glaciers 
obscure a further 20 to 25% of outcrop. The basement outcrop comprises a diverse range 
in lithologies of which four groups are recognised:
(i) A greenstone sequence of layered meta-volcanics and meta-sediments
representing approximately 35 to 40% of the basement outcrop.
(ii) Meta-quartz diorite and meta-gabbro intrusives representing approximately
35 to 40% of the basement outcrop.
(iii) Meta-granodiorite and meta-granite intrusives representing approximately
20 to 25% of the basement outcrop.
(iv) Minor meta-mafic dykes and quartz carbonate veining.
Differentiation and correlation of lithological associations within the greenstone 
sequence at map scale are generally well defined through the coextensive and layered 
nature of the units. However the contact relationships of the deformed and undeformed 
meta-intrusives including the meta-gabbros were not as readily identified with some 
contact relationships interpreted by correlation and from inference drawn from disrupted 
localised features observed within the felsenmeer.
2.4.1 The Greenstone Sequence
Meta-volcanics comprise approximately 80 to 90% of the greenstone sequence. 
Relict volcanic textures are commonly preserved attesting to the low degree of penetrative 
deformation during metamorphism. There are four compositional types recognised; 
ultramafic, mafic and intermediate to felsic and a fourth type is by textural relationships 
indicative of a volcaniclastic protolith. The meta-sediments by comparison are minor in 
abundance and consist of pelite through to psammite, banded iron formations and chert 
and carbonate units.
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2.4.1.1 Mafic Meta-Volcanics
Mafic meta-volcanics are represented by fine to medium grained amphibolites which 
often show a fine, segregated layering defined by compositional variation and a coarse 
layering defined by textural, compositional and grain size variation. This latter layering is 
internally homogeneous, ranging in scale from centimetres up to metres and is interpreted 
to represent original igneous layering. The occurrence of relict igneous structures also 
show an close association with this layering.
The most common relict igneous structures recognised are amygdales which range 
in size and density within individual layers of the mafic sequence (Fig. 2.5). The size 
range of the amygdales within the layered mafic sequence ranges from approximately one 
to two millimetres up to approximately twenty millimetres in diameter. The amygdales 
are infilled with of a quartz ± feldspar ± carbonate assemblage and are characteristically 
spherical to elliptical in shape, the latter reflecting a low degree of strain within the rock. 
Relict igneous plagioclase is also commonly preserved within the mafic meta-volcanics 
often partially recrystallised and altered.
Fig. 2.5 Relict amygdaloidal basalt
Sample No. 53804, Grid reference 580734.
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2.4.1.2 Ultramafic Meta-Volcanics/Sills
Minor ultramafic units occurring as discreet coextensive layers or lenses within 
mafic meta-volcanics. These ultramafic layers range in thickness from approximately half 
a metre to ten metres and are characteristically green, fine to medium grained rocks which 
texturally range from heterogranular to nematoblastic. Compositionally the ultramafic 
units comprise an assemblage of amphibole, chlorite ± talc ± minor plagioclase.
Relict igneous structures recognised within some ultramafic units are consistent 
with a cumulate protolith. These textures consist of coarse grained interlocking calcic 
amphiboles which are interpreted to represent pseudomorphed pyroxene (see chapters 5 
and 6). Other ultramafic units with a nematoblastic texture consists of fine to medium 
grained acicular actinolite and hornblende within a fine groundmass of chlorite. This 
latter texture is attributed to a purely metamorphic origin which, together with the fine to 
medium grain size, may suggest crystallisation from a finer grained protolith.
Characterising a protolith association for the ultramafic units is equivocal. The 
heterogranular units may represent cumulate layers at the base of a flow or, flows in their 
own right where associated within the meta-volcanic sequence. Conversely they may 
also represent later sills and dykes which were emplaced prior to the metamorphism and 
deformation. In contrast, if the nematoblastic units reflect a finer grained protolith, these 
may represent an original volcanic association. However the presence of both 
heteroblastic and nematoblastic units within gabbroic bodies suggest an intrusive protolith 
interpretation is most likely. This interpretation is consistent with the minor occurrence 
and the thin and laterally discontinuous nature of the ultramafic lenses.
At one location (Grid Reference 550700, see appendix 1 for grid referencing) a 
spinifex texture was recognised typical of a spinifex quenching texture as exemplified in 
komatiitic lavas (Arndt et al. 1979) (Fig. 2.6). However the mineralogy of this sample 
comprises andalusite, biotite, ilmenite and staurolite. The "blade" texture is defined by 
zones rich in biotite and andalusite and by the preferred crystallographic orientation of the 
latter. The bladed texture is not a metamorphic product but appears to represent a relict, 
primary igneous feature. Interpretation of this enigmatic textural association is at best 
equivocal. However if one were to speculate on a possible explanation then a scenario 
involving the weathering of a quenched mafic to ultramafic lava followed by burial and 
metamorphism, possibly also involving hydrothermal alteration without the effects of a 
penetrative deformation may account for the relict igneous quenching texture and the 
aluminium rich assemblage.
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Fig. 2.6 Relict spinifex textured sample with an the aluminous
assemblage of biotite, andalusite, staurolite and ilmenite, see 
text for details
Photograph base length equals 9mm.
Sample No. 53805, Grid reference 550700.
2.4.1.3 Felsic to Intermediate Meta-Volcanics
Felsic and intermediate gneisses range in composition from fine to medium grained 
quartz-rich amphibolites through to aphanitic siliceous rocks with minor amphibole and/or 
biotite ± garnet. These units display a layering which is defined principally by 
compositional variation and locally emphasised by density variation of a layer parallel 
cleavage. The more siliceous units also tend to be locally massive where layering is only 
poorly preserved or absent. Layer thickness is in the range of metres and layer packages 
where it can be distinguished, is up to hundreds of metres thick. The thick sequences of 
felsic to intermediate gneisses are laterally extensive and often correlate well across the 
terrane.
No relict textural evidence was recognised within the felsic and intermediate 
gneisses to indicate a protolith type. However it is inferred these units are representative 
of volcanics due to their coextensive relationship within the greenstone sequence.
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However the inferred protolith for much of the felsic and particularly the intermediate 
gneisses may not be strictly volcanic in the sense that they were originally cohesive lavas. 
Weathered and etched surfaces on some apparently homogeneous felsic and intermediate 
gneisses show the presence of abundant lithic and crystal fragments consistent with a 
volcaniclastic protolith.
2.4.1 A  Meta-Volcaniclastics
As discussed above the volcaniclastic nature of the protolith is not always readily 
obvious. Given these possibilities the true protolith nature of every intermediate gneiss 
and much of the felsic gneisses may in places be equivocal. The intermediate associations 
typically occur as thin discreet units often interlayered within mafic meta-volcanics. The 
dominant intermediate composition of the readily recognised meta-volcaniclastics 
suggests that most if not all of the intermediate gneisses may in fact represent 
recrystallised volcaniclastics.
Meta-volcaniclastic units are widely represented throughout the greenstone 
sequence with a broad range in both textural and com positional aspects. 
Compositionally, the meta-volcaniclastics are dominantly intermediate but range from 
more mafic through to felsic compositions. These are identified and characterised by the 
presence of varying proportions and concentrations of relict lithic and crystal fragments 
often within a finer grained matrix. However the volcaniclastics are typically totally 
recrystallised and textural and compositional features are often obscure on unweathered 
surfaces. Distinction between lithic and crystal fragments and the matrix in these 
recrystallised rocks are resolved through a combination of compositional, textural and 
morphological aspects of both thin section and hand sample.
The most commonly recognised and widespread volcaniclastic associations are 
meta-volcanic breccias which characteristically have an open framework with fragments 
ranging up from approximately 0.5cm to 1cm in diameter set in a matrix often of similar 
composition (Fig. 2.7). A number of discreet meta-pumice block deposits are also 
recognised. These units occur as thin discreet layers typically associated with the meta- 
volcanic breccias. The rocks are characterised by recrystallised quartz rich blocks which 
show both rounded and flattened morphologies (Fig. 2.8) in a mafic to intermediate 
supporting matrix.
Along the southern and bottom south east cliff sections of Fisher Massif occur a 
fine and fine to medium grained felsic meta-volcaniclastic bedded sequence. This is a 
coarse meta-volcanic sandstone characterised by large recrystallised quartz fragments 
(approximately 0.5 - 2 cm in diameter) supported in a fine to medium grained quartz rich 
rock with a foliation defined by localised lensoid felsic lithic clasts inferred to be flattened
Chapter 2 Geology of the Fisher Terrane 28
b
Fig. 2.7 Meta-Volcanic breccias:
(a) a closed framework, felsic rich sample in which fragments 
are compositionally indistinguishable and are only 
recognised on weathered surfaces.
Sample No. 53806, Grid reference 568722
( b ) a more intermediate open framework volcanic breccia
with a range in fragment sizes up to 1cm and which are more 
angular than the previous sample.
Sample No. 53807, Grid reference 525679
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Fig. 2.8 Meta-Pumice block volcanic breccias. In samples (a) and (b) the 
relict pumice blocks are now recrystallised quartz and feldspar 
with minor biotite or amphibole. Characteristic of these rocks is 
the mafic to intermediate supporting matrix.
(a) show open framework rounded to subangular pumice blocks. 
Sample No. 53808, Grid Reference 482569
(b) the pumice blocks have been flattened, probably reflecting a 
primary compaction feature rather than deformation.
Sample No. 53809, Grid Reference 567728
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pumice blocks and discontinuous aggregates of biotite. Interbedded within the meta- 
felsic volcanic sandstone sequence are a series discontinuous lensoid mafic meta- 
volcanics/volcaniclastics. These mafic units are primarily amphibolites though contain 
localised units with assemblages of cummingtonite, garnet, chlorite and plagioclase and 
cordierite, garnet , gedrite and staurolite. In addition throughout the sequence are 
disseminated and minor lenticular massive pods of primarily pyrite with only sparse 
traces of chalcopyrite recognised (Fig. 2.9). Locally the mineralisation is discordant with 
the layering and often associated with quartz veining and epidote, chlorite alteration.
A layered meta-volcanic sandstone consisting of discreet, thinly bedded fine grained 
units, interlayered with more massive medium to coarse grained units (Fig. 2.10). The 
fine grained units are quartz-rich with an assemblage of quartz + biotite + amphibole. In 
contrast the coarser grained units consist of amphibole + plagioclase + biotite + quartz 
assemblage. This type of meta-volcanic sandstone sequence, recognised at only one 
location (Grid reference 558734) is closely associated with psammopelites and the more 
common crystal/lithic meta-volcanic breccias and meta-felsic volcanics.
2.4.1.5 Meta-sediments
A minor group of rocks interpreted as meta-sediments comprise only a small 
proportion of the total rock outcrop. However the distinct nature of some of the meta­
sediments provide important relationships which may represent distinct stratigraphic 
sections within the terrane. These meta-sediments are represented by three associations: 
pelites through to psammites; banded iron formations and cherts; carbonates.
The pelitic to psammitic rocks range from quartz, biotite, andalusite ± staurolite ± 
cordierite rich assemblages through to quartz, biotite ± garnet assemblages. Relict 
sedimentary layering within the gneisses is characterised by well defined alternating 
layers of pelite, psammopelite and or psammite.
The pelites characteristically have a coarser grain size than the more psammitic 
layers resulting from the formation of large Al-rich metamorphic phases. This distinction 
in grain size locally resolves into an apparent reverse graded bedding sequence. At one 
location {Grid Reference 572697) relict cross laminated bedding of approximately twenty 
centimetres in thickness was identified within a psammopelitic horizon. Despite this the 
disrupted felsenmeered outcrop prevented any reliable sequence younging directions to be 
obtained.
Banded iron formations and chert units are characterised by massive aphanitic 
siliceous layers with or without fine interlayers rich in garnet and/or amphibole.
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Fig. 2.10 Bedded Meta-volcanic sandstone defined by finer grained quartz 
rich layers and coarser grained amphibole and plagioclase rich 
layers. This sample is the closest to what may possibly represent 
an epiclastic rock particularly in its association with meta­
sediments (see Fig. 2.11b, Section 1).
Sample No. 53810, Grid Reference 558734
Distinction between metamorphosed chert and the most felsic of the volcanics is based on 
the presence of additional phases in the latter such as biotite and amphibole and to a lesser 
extent the sharp contacts and well banded nature of the chert out crop. Both the banded 
iron formations and chert units are generally associated with the metavolcanics as discreet 
layers ranging in thickness from approximately fifty centimetres up to approximately three 
metres.
Carbonate units in the greenstone sequence have a distinctive pale green colour. 
They outcrop irregularly along strike as lenticular to pod like bodies, always in 
association with volcaniclastics. The carbonates are massive to weakly foliated and 
consist of calcite, muscovite, quartz, Fe-oxides ± biotite ± K-feldspar. One carbonate 
outcrop (Grid Reference 583704) showed total replacement of carbonate by silica though 
still retaining the outcrop character of the carbonate units. Compositionally the rock 
consists of granular quartz with fine inclusions of ?graphite, minor muscovite and 
chlorite.
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2.4.2 Meta-Quartz Diorite and Meta-Gabbro Intrusives
The meta-quartz diorite and meta-gabbro outcrop extensively throughout the Fisher 
Massif in approximately equal proportions. However the higher abundances of meta­
quartz diorite intermixed with glacial sheet drift material along the northwestern margin of 
the massif implies this unit is continuous up to the northern meta-quartz diorite outcrop 
and thereby far more extensive.
The meta-quartz diorites are similarly medium to coarse grained and generally 
homogeneous in extent. Compositionaly the quartz diorite's range from quartz rich 
granodiorites through to diorite. A prominent foliation is characterised by the preferred 
orientation of amphibole and or biotite and recrystallised quartz. Contact relationships 
with the greenstone sequence are demonstratably intrusive with irregular contact margins 
and local inter fingering of quartz diorite within the greenstone country rock. Faulted 
contacts are also evident in the central part of the massif.
The meta-gabbro bodies are primarily medium to coarse grained amphibolites. An 
intrusive origin is based on the homogeneity of the units over extensive areas and the 
common relict igneous textures attesting to a plutonic origin. Contact relationships of the 
meta-gabbro with the greenstones are generally not well resolved except for rare instances 
where intrusive and faulted relationships are recognised. A weak foliation developed 
throughout the gabbroic bodies is characterised by the preferred orientation of 
recrystallised amphiboles and biotite.
No single contact relationship between the meta-gabbro and meta-quartz diorite was 
able to be reliably resolved. This is largely due to the felsenmeered nature of the outcrop 
and intermixing of glacial drift components. The relative timing of emplacement between 
the intrusives is generally not reliably demonstrated though their typically close spacial 
relationship may suggest a more or less cotemporaneous association. However an 
intrusive contact at one location (grid reference 560664) with the meta-gabbro which also 
is intruded by a number of meta-quartz diorite dykes and apophyses indicate the meta­
quartz diorite was emplaced later than the meta-gabbroic bodies.
2.4.3 Meta-Granodiorite and Meta-Granite Intrusives
A large meta-granodiorite body dominates the outcrop in the northeast tip of the 
Fisher Massif. It consists of a number of texturally distinct phases. Emplacement or 
zonal relationships between these phases were not determined due to the broken and 
rubbled nature of the felsenmeer outcrop. Within a coarse grained meta-granodiorite 
phase on the western contact occur enclaves of meta-quartz diorite which outcrops to the 
west across a thin belt of meta-volcaniclastics. Abundant xenoliths from five to fifteen
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centimetres in diameter occur throughout the body. Xenoliths range in composition from 
predominantly amphibolite to minor felsic gneiss. There is no apparent change in 
xenolith size or abundance from the interior out towards the contacts except on the 
western margin.
Contact of the meta-granodiorite in the south and west is characterised by the 
marginal intrusion of meta-granitic apotheses and inter-fingering of main body meta- 
granodiorite into the greenstone country rock. The eastern most contact has a steep 
escarpment down to moraine cover which probably represents a fault scarp. A weak 
foliation within the meta-granodiorite along the scarp indicates an earlier more ductile 
shear zone was present. On the south eastern contact of the meta-granodiorite toward the 
scarp, an intrusive relationship is sheared by small shear zones approximately ranging 
from ten to fifty centimetres wide.
A smaller meta-granodiorite body located in central Fisher Massif is modely richer 
in K-feldspar than that described above. The rock is characterised by large K-feldspar 
and plagioclase laths with recrystallised margins in a groundmass of recrystallised quartz 
and feldspar with minor biotite and muscovite.
This meta-granodiorite is an elongate body of approximately 3km x 0.5km 
dimensions trending to the northeast. Contact along the northwestern margin of the 
granodiorite with the adjacent greenstones is irregular and discordant to the layering and 
is interpreted to be intrusive. In contrast the south eastern contact is faulted along a major 
northeast-southwest trending shear zone. A strong foliation is developed along the 
faulted margin within the granodiorite. Away from the sheared contact the foliation 
within the meta-granodiorite becomes weaker and less pervasive.
At the southern tip of Fisher Massif outcrop two adjacent meta-granite (s.s.) bodies 
along a cliff section. The largest outcrops for approximately one kilometre while the 
smaller body is only tens of metres in size. The large meta-granite is comparatively rich 
in biotite and amphibole and superficially resembles a gabbro. In contrast, the small 
meta-granite body is more felsic.
2.4.4 Minor Intrusives
Undeformed but metamorphosed mafic dykes occur sparsely throughout the 
massif. The very nature of the felsenmeer outcrop over much of the terrane makes 
distinction between metamorphosed mafic dykes and the meta-volcanic sequence difficult. 
The few mafic dykes reliably identified were either discordant to layering within the 
greenstone sequence or intrude the meta-quartz diorite. The mafic dykes, generally no 
wider than a few metres are recrystallised fine grained amphibolites.
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Late stage quartz-carbonate veining is widespread, though sporadic, throughout all 
rocks of Fisher Massif. The veining only occurs within joint planes within the rock host 
characteristically showing a complex history of open space precipitation-crystallisation 
and dissolution of quartz and calcite.
2 .5  COMPARISON OF GEOLOGICAL MAPS
Two maps of the geology of Fisher Massif have been published since this current 
study began: the first by Kamenev and Krasnikov (1991) is very simplistic without any 
detail on the minor lithologies or the lithological relationships in terms of the structure; the 
second map (Fig. 2.11) by Kamenev et al. (1993, Fig. 8) shows much greater detail and 
will be the only one referred to in the following discussion. A comparison of the map 
produced in this study (see accompanying map in back cover) with the map of Kamenev 
et al. (1993) generally compares well though there are a number of differences which will 
be discussed.
I 67'30'
Geological map of Fisher Massif
Fig. 8 Fisher Massif (Fisher 
Belt), (a) Geological map. (b) 
Geological profile through Fisher 
Massif. Legend: I = youngest 
moraine deposits; 2 = older 
moraine deposits; 3 = bi-granite; 
4 = bi-amph and amph grano- 
diorite; 5 = metadionte and qu- 
metadiorite; 6 = mafic metavol- 
canics; 7 7 intermediate meia- 
volcanics; 8 = felsic metavol- 
canics; 9 = qu-rich metavolcanics; 
10 -  metabasic dykes; 11 = meta- 
gabbroic dykes; 12 = granitic and 
granodioritic dykes; 13 = cata- 
clastic shear zones; 14 -  meta- 
gabbro; 15 = faults; 16 = contacts 
and dip and strike of principal 
foliation. See Table 3 for 
description of rock-types.
Fig. 2.11 Geology of Fisher Massif from Kamenev et al. (1993, Fig. 8).
Much of the meta-volcanic geology in the north and central regions of Fisher Massif 
may be considered to correlate well between the two maps with the difference more a 
function of classification of lithological packages than contrasting geology. In the
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lithological descriptions of Kamenev et al. (1993), meta-volcaniclastics are not shown as 
distinct associations as in this study and are categorised under mafic, intermediate or 
felsic meta-volcanics. Similarly the large intrusive bodies within the terrain generally 
correlate well.
No field data for this map was obtained from Mount Johnson nor for the whole 
south western comer. In addition along the central eastern margin and west along the 
scarp bounding the southern alpine glacier, only low level aerial reconnaissance data was 
obtained. Interpretation of the geology in these regions has relied on what limited field 
data was obtained, air photo interpretation and the data presented in the map of Kamenev 
etal. (1993).
According to Kamenev et al. (1993) Mount Johnson consists of meta-quartz diorite. 
However from talks with R. J. Tingey who has previously visited the area, a portion of 
Mount Johnson may comprise of meta-gabbro, an extension of the large body across the 
valley to the northeast.
Perhaps the most significant difference between the geology maps are the locations 
of shear and fault zones. Kamenev et al. (1993) show the contact between the meta- 
biotite granodiorite and the thin northeast trending meta-volcanics to be faulted. This may 
be suggested by rare mylonitised felsenmeer boulders within the meta-granodiorite. 
However this contact is interpreted to be intrusive in this study based on the absence of a 
recognised fault, the presence of large felsenmeer boulders with inter fingering meta- 
granodiorite into meta-volcaniclastics near the contact and, enclaves of meta-quartz diorite 
which outcrop to the west of the meta-volcanics within the coarse grained phase of the 
meta-granodiorite.
The presence of an inferred east to west trending shear zone or fault through the 
northern metavolcanic succession is based on the discordance of the metavolcanic 
layering and the presence of small shear zones near the south eastern contact with the 
meta-biotite granodiorite. The shear zone which trends to the south western corner of the 
massif is indicated by the truncation and the associated shear fabric within the north meta­
quartz diorite and the central meta-granite body against metavolcanics. The shear zones 
further continuation to the southwest is largely inferred by topography and the expectation 
that these large shear zones will transect the entire massif. The two most southerly shear 
zones are constrained through correlation of sheared and mylonitised contacts within the 
southern outcrop. However the bifurcation of these shear zones from a single shear zone 
is less well constrained. The southeast shear zone could also correlate with the inferred 
open ended shear zone in the north. This shearing is compatible with the general fault 
configuration indicated by Kamenev et al. (1993). However additional shear zones and
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fault zones indicated by Kamenev et al. (1993) within the central meta-gabbro body and 
along the contact with the meta-quartz diorite were not recognised in this study.
Except for the correlation and placement of shear zones within Fisher Massif, it is 
encouraging that the overall lithological distribution generally compares well between the 
two maps.
2 .6  DEPOSITION AL PALAEOENVIRONMENT FOR THE 
FISHER MASSIF GREENSTONE SEQUENCE
2 . 6.1 Introduction
Facies and stratigraphic analysis in ancient volcanic terrains is hampered by limited 
preservation of the volcanic succession with often a bias on the preservation of more 
resistant units. In addition ancient volcanic terrains often were associated with active 
tectonic environments resulting in deformation and metamorphism which modify to 
varying degrees both original petrographic and stratigraphic relationships (Cas and 
Wright 1988). Interpretation of deformed and metamorphosed volcanic successions is 
generally ambiguous and often relies on lithological relationships. Fisher Massif 
represents such a terrain which is deformed by at least two folding events and 
metamorphosed to lower amphibolite facies.
This section describes the lithological facies associations of the greenstone sequence 
and the stratigraphic relationships of Fisher Massif. From the lithological and 
stratigraphic associations, a depositional environment is interpreted for the greenstone 
sequence. In a tectonic synthesis, this palaeoenvironmental analysis will help constrain 
models for the early tectonic environment of the Fisher Terrane.
2 . 6.2 The Greenstone Sequence
The greenstone sequence of Fisher Massif is an interlayered series of meta- 
volcanics and minor meta-sediments. Stratigraphic sections of the volcanogenic sequence 
showing the facies subdivisions and the location of these sections are shown in Figures 
2.12a and 2.12b. The good preservation of primary textures and lithological 
relationships within the volcanic succession provide a means for interpreting the 
depositional environment. Despite a limited application of these relationships throughout 
much of the sequence the observed relationships and interpreted depositional environment 
compares well with the features and depositional models for volcanic hosted massive 
sulphide deposit terrains (Hutchinson 1973, Cas 1992).
The mafic meta-volcanics are interlayered with meta-volcaniclastics, felsic and 
intermediate meta-volcanics and minor meta-sediments. Layered amygdaloidal mafic 
meta-volcanics within the sequence is consistent with eruption in a subaerial or shallow
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subaqueous environment. The apparent absence of recognised pillow basalts within the 
terrain does not mean they were not present as individual pillows may range from tens of 
centimetres to metres in cross section (Cas and Wright 1988 p. 73 fig. 4.11) and may be 
difficult to recognise in felsenmeered terrains where rubble size typically ranges from 
centimetres to tens of centimetres. Also, if the pillowed volcanics were more or less 
compositionally homogeneous then textural preservation during recrystallisation 
associated with amphibolite facies metamorphism may be poor.
Snow and ice cover
Moraine
Greenstone sequence 
Intrusive granitoids and gabbros Section 1
lection .2
F im e ir  M asszf
Section 4
Fig. 2.12 (a) Location of stratigraphic sections on Fisher Massif
( b ) Generalised stratigraphic sections showing details of the 
interbedded relationships of selected portions of the 
greenstone succession, chosen to show important 
relationships discussed in the text.
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Fig. 2.12b
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Fig. 2.12b continued
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However non pillowed sheet lavas have been shown to be common in subaqueous 
environments (Cas 1992). High eruption rates and temperatures, low viscosities and 
crystal-liquid ratios are believed to enhance the development of subaqueous sheet basalt 
whereas the opposite conditions will be more conducive to pillow formation and paving 
stone lava and hyloclastite formation (Cas 1992). In addition, the associated presence of 
BIF’s indicates at least some of the volcanics were deposited in a subaqueous 
environment.
The felsic meta-volcanics may be divided into massive and interlayered associations 
which may reflect the mode and type of volcanic protolith. Cohesive felsic lava flows 
within a volcanic succession are thick, small volume, near vent lithologies which are not 
laterally extensive (Cas and Wright 1988, pp. 81-89, 395-404). It is the massive felsic 
associations which possibly represent cohesive lavas. Massive felsic associations are 
only locally recognised and are not widely distributed within the greenstone succession, 
consistent with the general characteristics of a cohesive rhyolitic lava flow.
Both the interlayered felsic and intermediate associations are represented by thin 
discreet units commonly interlayered within mafic m eta-volcanics and meta- 
volcaniclastics. These are interpreted to largely represent a volcaniclastic protolith with 
possible cohesive lavas only represented in the more massive parts of the sequence. The 
characteristic thin discreet interlayering of these rocks and their widespread occurrence 
both laterally and vertically throughout the volcanic succession is suggestive of a widely 
dispersed and periodically repetitive protolith consistent with volcaniclastic rocks of a 
felsic to intermediate composition. These layered felsic and intermediate associations may 
account for the lack of recognised fine grained felsic to intermediate volcanic derived 
material within the succession, possibly a reflection of the poor textural preservation of 
finer grained rocks during metamorphism.
The coarse grained, interlayered, meta-felsic volcanic sandstone in the south, south 
east corner of the massif (Fig 2.12b, Section 1) forms a distinct meta-volcaniclastic 
association. The siliceous nature of the rock, the presence of relict crystal fragments and 
inferred pumice blocks with the lack of accessory or accidental fragments is compatible 
with an ignimbrite as defined in Cas and Wright (1988) “the rock or deposit formed from 
pumiceous pyroclastic flows irrespective o f the degree of welding or volume”. It is 
questionable to interpret these felsic units as ignimbrites, just on the above basis but they 
are considered to have an ignimbritic character.
Interlayered with the meta-felsic volcanic sandstone and associated with the 
amphibolite layers are minor associated units comprising assemblages of cummingtonite, 
garnet, chlorite and cordierite, garnet, gedrite. The origin of these rock compositions,
Chapter 2 Geology of the Fisher Terrane 43
particularly the cordierite, orthoamphibole assemblages, are commonly attributed to 
hydrothermal alteration of a mafic pre-metamorphic protolith (eg. Hudson and Harte 
1985). This is consistent with the volcanogenic setting of these assemblages and the 
close association of sulphide mineralisation within the sequence. The generally stratiform 
nature and pod like form of the sulphide mineralisation within the interlayered meta- 
volcaniclastics and meta-volcanics is compatible with a volcanic hosted massive sulphide 
(VHMS) style mineralisation (Hutchinson 1973, Franklin et al. 1981, Cas 1992). The 
discordant mineralisation associated with the quartz veining and epidote, chlorite 
alteration appears to be related to a later hydrothermal episode.
Most of the meta-volcaniclastic associations have lithic and/or crystal fragments. 
The most common are open framework meta-volcanic breccias which may be widely 
interpreted as epiclastic mass-flow, cohesive debris flow or lahar deposits through to 
pyroclastic flow, ignimbrite or surge deposits. The type of depositional process and 
environment which the meta-volcanic breccias represent is not easily resolved based on 
their lithology alone, but are better constrained when the associated stratigraphy is also 
considered.
Most meta-carbonate units within the meta-volcanic succession are associated both 
spatially and temporally with open framework meta-volcanic breccias. These meta­
carbonates are interpreted to represent shallow marine deposits. This interpretation is 
based on the discreet lensoid nature of the carbonates which in a deep quiescent 
environment, would be far more laterally extensive. Local reworking of the meta­
carbonate units is evidenced by intercalated volcanic fragments.
Similarly meta-BIF’s and cherts are also associated with open framework meta- 
volcanic breccias. However this does not conflict with the carbonate units shallow 
subaqueous depositional environment. BIF’s form in a wide range of environments 
including evaporitic basins, prograding coastlines, shallow marine continental shelves 
and intracratonic basins (Evans 1987). The close spatial association of the BIF’s and 
cherts with the carbonate units and the common relationship with open framework 
volcanic breccias support a common depositional environment. As such the meta-BIF’s 
are interpreted to have been deposited in a shallow subaqueous environment.
Bedded pelitic and psammitic units are closely associated with meta-BIF's, meta­
carbonates and within meta-volcanic breccias (Fig. 2.12b, section 4). The bedded nature 
of the pelitic/psammitic units in context with these associated lithologies, reflect a variable 
depositional energy environment or small turbidity deposits.
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2.6.3 Depositional Environment
The association of meta-carbonate, BEF’s and cherts and the meta-volcanic breccias 
constrain deposition of the latter to the same shallow subaqueous environment as 
subaqueous, epiclastic high concentration turbiditic mass flow or debris flow deposits 
(Cas and Wright 1988, pp. 317-328). This interpretation is based on the massive nature 
of the meta-volcanic breccias which commonly lack intervening protolithic mud and sand 
units. A minor layered meta-volcanic sandstone (Fig. 2.12b, Section 1) may be 
interpreted as a bedded volcanic sand formed by minor hydraulic sorting in a high 
concentration turbidity current or cohesive debris flow. An inferred VHMS style 
deposition for the sulphide mineralisation is also consistent with a subaqueous 
depositional environment for the host ignimbritic meta-volcanic sandstones and mafic 
meta-volcanics/volcaniclastics.
Meta-pumice block deposits occur as thin discreet units commonly associated with 
meta-volcanic breccias (Fig. 2.12b Sections 1, 2 and 7). The mafic to intermediate 
supporting matrix typical of these units is suggestive of epiclastic reworking rather than 
primary pumice block flow or fall deposits. However the pumice blocks themselves 
probably reflect a subaerial eruptive source. A submarine eruptive source is less likely 
due to the lack of evidence for quench fragmented hyloclastite block fragments though 
metamorphic recrystallisation and deformation of these features would leave few 
preserved relicts. However pumice block fragments with good textural preservation on 
weathered surfaces show no indication of fragmented hyloclastites (see Fig. 2.8).
Spatial relationships between meta-carbonate and meta-pumice block deposits as 
demonstrated in section 1 of figure 2.12b suggest a shallow marine depositional 
environment for the pumice block units. No reliable sequence younging data are available 
with which to constrain the temporal depositional environment of this sequence. 
However two possible scenarios are consistent with the observed lithological 
relationships. The first involves an emergent sequence in which carbonate was deposited 
on a submarine volcanic margin of epiclastic mass flow deposits followed by deposition 
of pumice block units on the marine sequence in a subaerial environment. The meta­
pumice block deposits represent epiclastic or pyroclastic flow or fall deposits. Later 
submergence of the sequence was associated with further deposition of a marine 
carbonate. In scenario two the marine sequence is not emergent and the pumice block 
deposits represent bomb size pumice fragments which following eruption were deposited 
on the water and subsequently became water saturated and sank settling into intermediate 
to mafic volcanic epiclastic submarine deposits.
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It is clear from the preceding discussion that a more detailed facies subdivision 
beyond a compositional and limited textural context would be equivocal and unreliable. 
Despite the limited application of the facies for determining a depositional setting for the 
volcanic succession, there are features consistent with a subaerial and shallow marine 
environment. Volcaniclastic deposits of pumice flow ignimbrite, pumice blocks and the 
vesicular character (now amygdaloidal) of the mafic volcanics are consistent with 
derivation in a subaerial volcanic terrain. In contrast, the presence of carbonates, banded 
iron formations and cherts within the succession indicate a marine depositional 
environment.
In summary the volcanic succession of Fisher Massif was deposited in a marginal 
subaerial to subaqueous environment. The presence of pumice block volcanic breccias 
and amygdaloidal mafic volcanics and the significant absence of pillowed volcanics 
within the sequence are suggestive though not necessarily indicative of a subaerial 
eruptive source. Deposition of the erupted volcanic material was locally in a subaerial 
environment but predominantly within a subaqueous setting from lava and mass flow 
deposition. The extensive volcanic succession and the wide distribution of subaqueous 
and subaerial facies within the sequence suggest a protracted depositional history in an 
indeterminable regressive or transgressive environment.
2 .7  GEOLOGY OF NILSSON ROCKS
Nilsson Rocks is predominantly felsenmeer with only localised insitu exposures on 
the tops of the hummocky hills. The valleys often contain locally derived transported 
material which can be difficult to distinguish from a felsenmeered surface.
Kamenev and Krasnikov (1991) consider Nilsson Rocks to consist almost entirely 
of plutonic rocks. Tingey (1972) from examination of two locations in the south of 
Nilsson Rocks found mafic gneisses with bands of felsic gneiss to be the predominant 
lithology. During this study numerous traverses across Nilsson Rocks found a more 
diverse range of lithologies than previously described. Felsic gneisses are prominent in 
the central and northern areas of Nilsson Rocks. Amphibolites are common as discreet 
pods throughout the felsic gneisses. On the northwest side of Nilsson Rocks is a 
deformed gabbroic body adjacent to an outcrop of hornblende granulite hosting an 
undeformed two mica granodiorite. Other late intrusives within the terrain include mafic 
meta dykes and unmetamorphosed pegmatite and granitic dykes and at one location {grid, 
reference 567391) a small hornblende gabbronorite. Nilsson Rocks may be categorised 
by five major lithological associations:
(i) An undifferentiated sequence of felsic gneisses with discreet pods and lenses of 
amphibolite.
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(ii) Hornblende granulite
(iii) Foliated gabbroic intrusive
(iv) Undeformed two mica granodiorite
(v) Minor intrusions of meta-mafic dykes, late pegmatite and granitic dykes and 
the hornblende gabbronorite
2.7 .1  Undifferentiated Felsic Gneisses
The undifferentiated felsic gneisses comprise approximately 70% of outcrop on 
Nilsson Rocks. They range from felsic gneisses with abundant garnet and K-feldspar to 
more amphibole bearing gneisses. Gneissic segregated layering and partial melting 
occurs in the more felsic rocks, locally intruding into fragmented more mafic lithologies. 
Large garnet porphyroblasts are associated with melt zones within the most felsic rocks 
(Fig. 2.13). A consequence of the strong gneissic character of the felsic gneiss sequence 
at Nilsson Rocks, as well as on Mount Willing, is the absence of primary structures. In 
contrast, the rocks on Fisher Massif which have been subject to less penetrative 
deformation and lower grades of metamorphism, commonly preserve primary structures.
Fig. 2.13 Melt segregations within felsic gneiss containing large garnet 
porphyroblasts. see text for discussion.
Sample No. 53811, Grid Reference 564383
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Discreet pods and lenses of amphibolite are scattered throughout the felsic 
sequence. These amphibolite bodies are not extensive along strike, ranging in the order 
of tens of metres. Locally they are aligned with the foliation of the host felsic units, 
suggesting they represent transposed relicts of a once laterally extensive mafic unit. The 
amphibolites themselves often contain relict granulite textures with partially retrogressed 
clinopyroxene up to 3mm in size and minor orthopyroxene.
2.7 .2  Hornblende Granulite
The hornblende granulite represent a more massive lithological association than the 
retrogressed mafic granulites discussed above. The full extent of this outcrop has not 
been mapped. However it appears to be restricted to a small area on the central western 
margin of the main outcrop of Nilsson Rocks (grid reference 549396). A two mica 
granodiorite, which occurs as a small lens like to oval shaped pluton, intrudes the 
hornblende granulite.
The hornblende granulite is a medium to coarse grained, massive, granoblastic rock 
unit consisting of plagioclase, hornblende partially overgrown and replaced by 
orthopyroxene and minor garnet. Retrograde cummingtonite has partially replaced the 
orthopyroxene.
2.7.3 Foliated Meta-Gabbro
A gabbroic unit was mapped along the north-western margin of the main outcrop of 
Nilsson Rocks. The smaller extreme north-western outcrop is also inferred to be 
gabbroic by extrapolation from the mapped outcrop and from low level air 
reconnaissance.
The gabbro is medium to coarse grained, is generally homogeneous and 
characterised by a pervasive segregated foliation. Contact of the gabbro with the felsic 
gneiss sequence is irregular, consistent with an intrusive relationship, and discordant to 
the foliation which transgresses both units. The gabbro is metamorphosed, comprising 
an assemblage of hornblende, plagioclase, quartz and biotite. Locally within the gabbro 
are amphibole bearing pegmatitic melt patches which disaggregate and enclave more mafic 
rafts. Amphibole associated with these melt zones shows partial alteration to biotite.
2.7 .4  Two Mica Granodiorite
The two mica granodiorite outcrops approximately half way along the north­
western side of the main body outcrop of Nilsson Rocks. The granodiorite outcrop is 
small, approximately 500m x 200m in area.
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The granodiorite is a coarse grained rock comprising plagioclase, quartz, K- 
feldspar, biotite, muscovite and minor garnet. Quartz and K-feldspar are interstitial to all 
other phases, though this relationship is not clear with muscovite. Muscovite occurs as 
large laths with inclusions of biotite and garnet and as small secondary phases within 
cleavage surfaces of plagioclase. As such it is not clear whether muscovite is a primary 
crystallisation phase or a later secondary phase.
In outcrop the granodiorite is massive and apparently undeformed but 
microscopically a weak deformation is evident. Quartz is coarsely aggregated and shows 
undulöse to banded extinction with serrated grain boundaries while muscovite is locally 
bent and kinked.
2.7.5 Minor Intrusives
Mafic dykes on Nilsson Rocks are, by comparison with Mount Willing, scarce and 
not extensive, attaining lengths of only metres. Similar to the mafic dykes at Mount 
Willing and Fisher Massif, they are metamoiphosed but are undeformed and retain their 
igneous textures. These rocks are fine grained showing relict intergranular and locally 
subophitic textures.
Granitic dykes outcrop at only a single location in south central Nilsson Rocks (grid 
reference 551379). They are medium grained biotite granodiorites which are cross cut by 
the more extensive pegmatite dykes. The pegmatites are very coarse grained feldspar, 
quartz, muscovite rocks containing fine grained garnet crystals. The pegmatite dykes are 
the most extensive of all the later minor intrusives, the largest extending approximately 
two kilometres in the south of Nilsson Rocks.
The hornblende gabbronorite is coarse grained and contains abundant poikilitic 
hornblende and 10 to 15% interstitial plagioclase, making it marginally ultramafic. A few 
percent olivine is present but is partially to completely altered to iddingsite. How this 
lithology relates to the host felsic gneisses is obscured by locally transported material but 
is inferred to be a small late intrusion.
2 .8  GEOLOGY OF MOUNT WILLING
Mikhalsky et al. (1992) considers Mount Willing to be a layered complex of 
gabbronorites, gabbro, norite and minor hornblende gabbro and ferrogabbronorites. 
Only a single east-west traverse along Mount Willing was completed during this study. 
Though limited in detail, the lithological diversity encountered is far greater than 
described by Mikhalsky et al. (1992). A massive meta-gabbro complex comprise 
approximately 80% of Mount Willing, the other 20% is layered felsic to mafic gneisses 
and a series mafic and granitic meta-dykes, pegmatitic dykes and minor ultramafic units.
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Sm-Nd geochronology on the Mount Willing meta-gabbro complex by Mikhalsky et al. 
(1993) produced a whole rock isochron of 1233±160 Ma and a mineral (plagioclase, 
amphibole) Sm-Nd isochron of c. 1000 Ma .These ages are interpreted by Mikhalsky et 
al. (1993) as representing a crystallisation age and a metamorphic age respectively.
Felsenmeered basement outcrop dominates the plateau top of Mount Willing and is 
only locally obscured by a number of large snow banks and toward the western end, by 
minor moraine deposits near ice level. Scree which flanks much of the steep marginal 
slopes at the eastern end of the mount is locally derived debris from the cliffed mesa like 
escarpment. The lithologies form three major associations:
(i) An undifferentiated sequence of layered felsic and mafic gneisses
(ii) Meta-gabbroic intrusive complex
(iii) Post gabbroic intrusives comprising late pegmatite and aplitic dykes and 
widespread meta-granodioritic dykes and pods and an extensive mafic meta­
dyke swarm
2.8.1 Layered Felsic Gneissic Sequence
The extent of this layered felsic sequence at Mount Willing is not well constrained. 
Location of the south west and south east contacts is based on air photo interpretation and 
extrapolation of mapped contacts from a single mapping traverse along the northwest side 
of the mount. Similarly the lithological trends within the sequence are derived from air 
photography with limited ground traverse confirmation.
The sequence is an interlayered succession of felsic to intermediate gneisses and 
local mafic amphibolites. The gneisses comprise an assemblage of plagioclase, quartz, 
calcic amphibole, cummingtonite, retrograde cummingtonite ± garnet. The retrograde 
cummingtonite has pseudomorphed an earlier porphyroblastic to poikiloblastic phase of 
possibly orthopyroxene suggesting a retrograde granulite facies rock although no relict 
orthopyroxene exists. The mafic amphibolite contains hornblende, plagioclase, biotite, 
ilmenite and zircon, consistent with amphibolite facies metamorphism.
Megascale layering of the sequence is defined by compositional variation. On a 
macroscale the finer layering is characterised by mineral orientation and segregation. The 
megascale layering is deformed by open folding and appears to be cut by the massive 
gabbroic intrusives. This contact relationship is not well demonstrated in the field and is 
primarily defined through air photo interpretation which shows a discordance of the 
folded layering with the eastern meta-gabbroic complex.
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2.8.2 Meta- Gabbroic Intrusive Complex
Two separate meta-gabbroic bodies occur at Mount Willing. The largest body is 
well constrained to the east by a number of traverses along the plateau. However the 
extent of the gabbroic outcrop to the west is interpreted from air photos with only a single 
ground traverse confirming the lithology.
The western gabbro body was only investigated at one location near the northeast 
contact with the layered gneiss sequence. The rocks at this location are coarse grained 
amphibolites consisting of hornblende with complex intergrowth relationships and 
plagioclase showing well preserved igneous textures.
The larger eastern meta-intrusive complex is an olivine gabbronorite, characterised 
by a homogeneous medium to coarse grained texture of principally plagioclase, olivine, 
ciinopyroxene, late orthopyroxene and minor hornblende, ilmenite and magnetite. 
Distinct compositional and textural characteristics within this rock type appear to define 
two different phases. A more plagioclase-rich coarse grained phase is distinct from a 
medium- to coarse- grained rock in which the feldspars have a distinct greasy green 
appearance. However these distinct features result from the variable metamorphism of 
the olivine gabbronorite to a metamorphic assemblage of cummingtonite, hornblende, 
pargasite and plagioclase. Mikhalsky et al. (1992) indicate this metamorphism to be 
localised along shear zones which are possible associated with a localised spaced 
cleavage.
A weak sub horizontal to shallow dipping layering was recognised in some cliff 
sections. No close inspection of this layering was possible though it is thought to 
represent an igneous layering consistent with a layered complex as suggested by 
Mikhalsky et al. (1992). An olivine websterite was found within the meta-gabbro, near 
the northern escarpment (grid reference 266333). The relationship of this small 
ultramafic rock with the meta-gabbronorite is uncertain. It could represent a cumulate 
layer within the layered intrusive complex. However the common outcrop of meta­
olivine gabbronorite across the top of Mount Willing, the localised association of the 
olivine websterite within this body and the absence of metamorphic effects may suggest 
the latter is a cumulate dyke. A similar olivine gabbronorite cumulate association is 
recognised on Nilsson Rocks.
2.8.3 Post Gabbroic Intrusives
In addition to the olivine websterite discussed above, three distinct intrusive dyke 
phases are emplaced within both the meta-gabbro complex and layered felsic gneiss units. 
The full extent of some of these bodies, particularly the smaller more discreet dykes such 
as the pegmatites, meta-granodiorites and ultramafic cumulates may not be fully known
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because of limited traverses across the area. The larger mafic meta-dykes however are 
readily identified and mapped across the terrane from air photo interpretation.
Meta-granodiorite bodies occur within the meta-gabbro as irregular dyke to pod like 
intrusives. These meta-granodiorites are interpreted by Tingey (1972) to have been 
derived by fractionation of the meta-gabbro during emplacement. However Sheraton 
(unpub. M/S) based on SiC>2 variation diagram trends, relates the meta-granodiorites and 
meta-granitic aplites to form a genetically related suite and further suggests they may be 
comagmatic, concluding that the meta-granodiorite was not derived through the 
fractionation of a gabbroic magma. This latter intrusive interpretation is consistent with 
the observed generally sharp contacts between the meta-granodiorite and meta-gabbro 
bodies.
The meta-granodiorite is medium grained and often weakly to non foliated but 
locally a more pervasive foliation is developed. This strong foliation is defined by 
segregated layering of discontinuous amphibole/biotite rich folia within granular quartz 
and feldspar. These meta-granodiorites occur as pods and irregular dykes within the 
meta-gabbro intrusives and as more planer dykes within and coextensive with the layering 
of the felsic gneisses. Also recognised within felsic gneisses is coarser grained almost 
pegmatitic meta-granite with a weak foliation defined by a poor preferred orientation of 
large biotite plates and minor laths of amphibole. Aplitic and pegmatitic phases are locally 
associated with the granodiorites with both sharp and irregular inter fingering contact 
relationships suggestive of a synchronous emplacement with localised mobilisation and 
intrusion into less ductile portions of the granodiorite.
Large mafic meta-dykes up to tens of metres wide trend west northwest - east 
southeast coextensive with the long dimension of Mount Willing. These meta-dykes 
crosscut the layered felsic gneiss sequence, the meta-gabbro intrusives and the meta- 
granodiorite dykes and only late pegmatite dykes post date them. The mafic meta-dykes 
are metamorphosed to amphibolites with common relict clinopyroxene and fine zoned, 
acicular plagioclase. Sheraton (unpub. M/S.) also described the presence of a relict 
subophitic texture within these dykes. Outcrop of the mafic dykes is typically of a fine 
cobbled pathment relative to the larger bouldered felsenmeer terrane of the felsic gneisses 
and meta-gabbro.
Late pegmatites are typically undeformed except where cut by localised small 
mylonite zones which are often parallel with the dykes. These pegmatites together with 
the mylonites and localised faulting represent the last intrusive-deformation episode on 
Mount Willing.
Chapter 3
Structural Development
3 .1  INTRODUCTION
The Fisher Terrane has been affected by four deformations (D1-D4). Di and D2 are 
associated with the metamorphism of the terrain while D3 and D4 record regional scale 
warping and ductile shearing and faulting respectively. Late minor faulting is the last 
recognised deformation within the Fisher Terrane. Figure 3.1 show the general structural 
trends.
Previous structural observations within the terrain are at best cursory and poorly 
understood and have not been the focus of earlier studies (Tingey 1972, Fedorov et al. 
1987, Kamenev and Krasnikov 1991). This chapter presents a preliminary interpretation 
of the deformation within the Fisher Terrane which is limited in detail in part due to the 
regional nature of the mapping program and secondly by the felsenmeered nature of the 
terrain which hampered the collection of orientation data and commonly obscured 
structural relationships.
3 .2  DEFORMATION
3 . 2. 1  Deformation One (Di): Foliation
The first deformation is only characterised by a foliation and nowhere is Fi folding 
recognised. This S\ foliation is locally pervasive and defined by a preferred mineral 
orientation and local segregation layering. Further local definition of the foliation is 
through grain size variation within recrystallised aggregate phases, particularly with 
quartz through grain boundary pinning associated with disseminated recrystallised biotite. 
The foliation within the entire terrane is typically steeply dipping to near vertical and is 
always recognised as parallel or near parallel with the primary layering where it is 
preserved.
On Fisher Massif, S1 is generally poorly developed and is more readily recognised 
within felsic rock units. The Si foliation is less well developed in the more mafic to 
intermediate rocks. This absence of a penetrative deformation has allowed good 
preservation of primary structures within the more mafic to intermediate meta-volcanics. 
Where primary layering is identified, the Si foliation is typically layer parallel. The weak 
foliation within the meta-gabbro intrusives and a more prominent foliation within the 
meta-quartz diorite intrusives is attributed to Si. This foliation is defined by the preferred 
orientation of recrystallised amphibole, biotite and the preferred grain boundary 
orientations of recrystallised quartz and plagioclase.
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FOLD OUT
Fig. 3.1 Generalised structural features of the Fisher Granite-Greenstone 
Terrane. More detailed structural aspects are shown on the 
1:100,000 geology map in the back cover.
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On Nilsson rocks the Si foliation is strongly developed within the felsic to 
intermediate gneiss sequence. Si is characterised by a well developed gneissic fabric 
which locally contains melt segregations. This S i foliation is also developed within the 
meta-gabbro body on the west side of Nilsson Rocks as a coarse segregated layering with 
local partial melt zones and quartz veining parallel to the segregated layering foliation. 
More mafic compositions in both of the above associations show localised fracturing and 
melt infiltration.
Preferred mineral orientation within the felsic and intermediate gneisses on Mount 
Willing define a strong Si segregation layering. This foliation is best developed in 
quartz- and biotite-bearing samples, with the preferred orientation of biotite defining the 
Si foliation. In the more mafic samples Si is defined by compositional layering with 
bands rich in calcic amphibole, cummingtonite and locally garnet. The more massive 
meta-gabbro bodies to the east and west show no S i nor any evidence to indicate they 
were deformed at all by Dp
Truncation of Si by the Mount Willing meta-gabbro was not recognised in the field 
but is inferred based on air photo interpretation. This is supported by the absence of an 
Si fabric in the meta-gabbro. Considering the readily recognised weak Si fabric in the 
meta-gabbro on Fisher Massif and Nilsson Rocks, if the meta-gabbro on Mount Willing 
was emplaced prior to S i then a prominent foliation may be expected to have developed 
in response to Dp particularly when considering the more pervasive fabric development 
within the gneisses on Mount Willing compared to the weaker fabric in the meta-volcanic 
succession on Fisher Massif.
3 . 2 . 2  Deformation Two (D2 ): Tight to Open folding
The second deformation is not widely recognised or identified and is characterised 
by tight to open style folding. On Fisher Massif the presence of D 2 is indicated by 
localised folding of Si in outcrop and microscopically. The change in orientation of 
layering and layer parallel Si across the terrane is attributed to larger scale F2  folding. 
However the inferred involvement of later shear zones in the north central region of 
Fisher Massif to account for the discordance of layering must also be considered as a 
possibility elsewhere. Within this study it is not possible to resolve this any further.
The converging S1 foliation on Nilsson Rocks appears to define a large F2  synform 
plunging to the southwest (See map in back cover) with minor folding of amphibolite in 
the axial region plunging steeply to the southwest (grid reference 569393). Similar axial 
trends within an antiform to the northwest are consistent with it representing F2 . Near
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horizontal layering defines a near horizontal to shallow plunging, upright antiform (See 
map in back cover) contrasting with the steeply plunging fold axes associated with the 
synform.
Small shear zones recognised on Nilsson Rocks within felsic gneiss are interpreted 
to be associated with D2. These shear zones differ from the late D4 shear zones in that 
they contain blasts of plagioclase and amphibole which overgrow and include chlorite and 
partially chloritised biotite (Fig. 3.2). These sheet silicates define a strong anastomosing 
fabric around sericitised plagioclase. The replacement of biotite by chlorite suggests 
shearing was associated with decreasing temperature from mid to upper greenschist facies 
down to lower greenschist facies. Later recrystallisation and overprinting of amphibole
a b
Fig. 3.2 Shear zone on Nilsson Rocks associated with D2 .
(a) Chloritised biotite defining the shear zone fabric, 
partially overgrown by large hornblende blasts.
Photomicrograph base length equals 1.2mm.
( b ) Large amphibole blast with inclusions of chlorite and 
partially chloritised biotite.
Photomicrograph base length equals 1.2mm.
Thin section No. 19570, Grid reference 448395
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and plagioclase indicate increasing metamorphic temperatures of a second metamorphic 
episode without associated deformation. This is supported by the rounded and embayed 
grain contacts in quartz aggregates and the absence of internal crystal deformation 
consistent with recovery recrystallisation.
D 2 on Mount Willing is represented by the large scale folding of the layered felsic 
and intermediate gneisses seen from aerial photographs. Emplaced axial planer to these 
F2  folds are extensive mafic meta-dykes which cross cut the layered gneisses, the meta- 
gabbro bodies and the meta-granodiorite dykes.
S2  cleavage within the gneisses is only locally recognised as a spaced cleavage 
which is typically not well developed. Mikhalsky et al. (1992) indicate amphibolite facies 
metamorphism of the Mount Willing meta-gabbro is localised along shear zones. These 
shear zones pre-date a second metamorphism and like those on Nilsson Rocks are 
associated with D2 .
3.2.3 Deformation Three (D3): Regional Warping
The presence of this deformation is entirely inferred by the change in orientation of 
the F2 axial trends between Nilsson Rocks and Mount Willing (Fig. 3.1). There are no 
constraints on this warping other than being post D2 . Whether this warping represents a 
separate event or is related to the later shearing and faulting is unknown.
3.2.4 Deformation Four (D4): Faulting and Shearing
Deformation four is represented on Fisher Massif, Nilsson Rocks and Mount
Willing by mylonites, small shear zones associated with pegmatites and late brittle 
faulting. Extensive mylonite zones up to hundreds of meters wide are present on Fisher 
Massif. These mylonite zones transect the whole massif as an extensive interconnecting 
series of splays (see Fig. 3.1). Too few orientation data are available to reliably constrain 
sense of movement within these zones though limited stretching lineation data plunges 
moderately to the southwest and vergence of an S surface fabric with shear surfaces 
suggests a sinistral oblique component of movement within the main central shear zone of 
the terrain.
Smaller scale shearing is recognised on Mount Willing coextensively overprinting 
pegmatite dykes. These dykes were emplaced along pre-existing shear zones which were 
subsequently reactivated, deforming the pegmatite dykes. Late faulting offsets the mafic 
and granitic meta-dykes some meters to tens of meters.
Chapter 4
Petrography and Phase Relations 
of Pelitic and Felsic Assemblages
4 .1  INTRODUCTION
Pelitic to psammopelitic and K^O-poor aluminous assemblages are only found on 
Fisher Massif. The K20-poor assemblages also provide good pressure and temperature 
constraints enabling comparative checks with the conditions determined with the pelitic 
and psammopelitic assemblages. More felsic assemblages of psammopelites to 
psammites are sometimes difficult to distinguish from felsic meta-volcanics and 
orthogneiss, as both may contain garnet and biotite. Good preservation of primary 
textures within the Fisher Terrane rocks provide an additional means for distinction of 
these felsic assemblages.
In the following discussion the petrography of the pelitic, psammopelitic and K2O- 
poor assemblages are described. These assemblages include: staurolite, andalusite, 
biotite (SAB); cordierite, andalusite, biotite (CAB); cordierite, staurolite, andalusite, 
biotite (CSAB); garnet, biotite (GB) and; gedrite, staurolite, garnet, cordierite (GSGC). 
Pressure and temperature constraints are discussed using various petrogenetic grids for 
the pelitic and K2 0 -poor assemblages which highlight a number of inconsistent textural 
relationships for a single prograde metamorphic episode. A final section discusses the 
geothermometry attained from the psammopelitic and K^O-poor assemblages.
4 .2  PETROGRAPHY
4.2 .1  Staurolite-Andalusite-Biotite Assemblage: (SAB)
This pelitic assemblage contains large porphyroblasts of idiomorphic staurolite (up 
to ~4-7mm in size), sub-idiomorphic to xenoblastic biotite (upto ~lmm in size) and 
poikiloblastic xenoblasts of andalusite (up to ~10mm in size) with a groundmass of fine 
granoblastic quartz, feldspar, chlorite, biotite, opaque oxides, fine minor muscovite and 
trace tourmaline. Lenticular coarse and fine grained size populations and preferred grain 
boundary orientations within the granoblastic groundmass define an Si foliation which is 
also seen as inclusion trails within poikiloblastic and porphyroblastic andalusite, 
staurolite and biotite. This foliation is subparallel and locally discordant with primary 
bedding which is represented by interlayered pelitic and psammopelitic layering.
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Chlorite within the groundmass further defines the foliation as fine sometimes 
fibrolitic masses co-extensive with the quartz/feldspar groundmass fabric. Chlorite is 
truncated by blastic staurolite, andalusite and biotite and is locally overgrown and 
marginally included by the latter two phases. Inclusions within the andalusite are 
enclosed and "armoured" by granoblastic quartz aggregates. Chlorite overgrows and 
includes xenomorphic biotite which characteristically has a ragged appearance showing 
partial alteration to chlorite.
Primary chloritised biotite is partially overgrown and included by minor 
xenomorphic cordierite. This cordierite is characterised by a neutral to greenish colour 
and a birefringence from low first order through to near isotropic, typical of partial 
alteration. Cordierite is intergrown with porphyroblastic biotite and nowhere is it found 
in contact with staurolite. Where cordierite occurs it is typically around the margins of 
the large andalusite poikiloblasts.
Poikiloblasts of idiomorphic staurolite locally show a weak, irregular and patchy 
zonation of finer grained quartz inclusions in the core and coarser quartz inclusions 
towards the rim. The common idiomorphic crystal form of the staurolite is principally 
defined by the outer zone phase while the inner zonation has a xenomorphic to 
subidiomorphic morphology. In addition to quartz, other minor inclusion phases include 
primary biotite, Fe-Ti oxides and tourmaline. Orientation and concentration differences of 
these inclusions define planar inclusion trails coextensive with the foliation of the ground 
mass indicating a post tectonic growth of staurolite.
Biotite porphyroblasts contain abundant inclusions of quartz and locally include the 
smaller primary biotite. The larger porphyroblasts are commonly partially overgrown on 
staurolite. Pleochroic haloes are common around small inclusions of zircon. Inclusions 
within the biotite locally define planar inclusion trails coextensive with the groundmass 
foliation.
Poikiloblastic andalusite occurs as large xenomorphic crystals containing abundant 
inclusions of quartz and minor fine opaque oxides. Inclusions within andalusite may be 
so dense that they interconnect giving the andalusite a disaggregated appearance for 
which only optical discontinuity makes distinction between poikiloblasts. But more 
typically a variable inclusion density within the andalusite defines a foliation co-extensive 
with the foliation in the ground mass. The banded nature of the andalusite is emphasised 
by “ribbon” quartz aggregate inclusions similar to the preserved quartz-rich layers of the 
ground mass. Also overgrown and included by the andalusite are poikiloblastic and
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porphyroblastic biotite and staurolite of which the former shows irregular and intergrown 
grain contacts.
The overgrowth and intergrowth associations between andalusite and biotite are 
interpreted to result from a differential number of nucleation sites between the phases. 
The greater number of nucleation sites for biotite result in more numerous but smaller 
crystals relative to the fewer but larger andalusite. The idiomorphic nature of the 
staurolite and the absence of any intergrowth relationships suggest the staurolite was an 
earlier crystallising phase to the andalusite and porphyroblastic biotite. One staurolite 
blast shows embayment due to partial replacement by andalusite is evident (Fig. 4.1). On 
the margins of the same andalusite poikiloblast relic cordierite is also present as rounded 
and embayed grains overgrown by porphyritic biotite.
Fig. 4.1 Andalusite embayed staurolite porphyroblast showing fine relict 
staurolite inclusions within the embaying andalusite. Staurolite 
also shows partial alteration to andalusite along one contact. Also 
shown are the large porphyroblastic biotite and relict chlorite.
Photomicrograph base length equals 2.4mm.
Thin Section No. 19571, Grid reference 570698
4 . 2 . 2  Cordierite-Andalusite-Biotite Assemblage: (CAB)
Cordierite and andalusite occur as large xenomorphic poikiloblasts (up to ~10mm), 
biotite as subidomorphic to xenomorphic porphyroblasts(up to -2mm) and magnetite as
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large (up to 1mm) idiomorphic blasts. The groundmass comprises granoblastic quartz 
and feldspar interspersed with varying proportions of ilmenite, fine muscovite and 
biotite, minor chlorite and apatite and trace tourmaline and zircon. A coarse layering is 
defined by zones rich in quartz and in porphyroblastic biotite. Finer layering is 
characterised by zones of fine grained ilmenite and locally by grain size variation within 
the granoblastic quartz. The coarse compositional layering possibly represents primary 
bedding with the finer grain size and fine compositional layering representing a layer 
parallel S\ foliation. Groundmass muscovite is recognised principally within quartz-rich 
zones and is only rarely recognised within the biotite rich zones. Rare very fine grained, 
rounded staurolite occurs in association with muscovite along the grain boundary contacts 
of two cordierite poikiloblasts and with biotite in granoblastic quartz.
Idiomorphic magnetite is recognised as inclusions within the poikiloblastic 
cordierite and andalusite, and porphyroblastic biotite. Distribution of the magnetite 
within the rock is irregular though generally more abundant within the biotite rich zones. 
Mantling and locally included by the magnetite is fine quartz, chlorite, muscovite and 
biotite. Inclusion free-cordierite and andalusite are also recognised as overgrowth phases 
on the magnetite. Local intergrowth textures between the inclusion-free cordierite and 
andalusite and the magnetite indicate a synchronous crystallisation of these phases.
Poikiloblastic cordierite contains inclusions of all groundmass phases in addition to 
the magnetite and inclusion free cordierite. Many of the inclusions are coarser grained 
than in the groundmass. The common presence of pleochroic haloes also indicate the 
presence of a radioactive phase, most probably zircon. Distribution of the poikiloblastic 
cordierite within the rock appears to be in general homogeneous though poikiloblastic 
cordierite tends to be preferentially associated with ilmenite rich layers. Poikiloblastic 
cordierite shows a typically rounded xenomorphic morphology and is locally elongated 
parallel with the groundmass foliation particularly along ilmenite layering. Folded and 
planar inclusion trails largely represented by the ilmenite and quartz within the 
poikiloblastic cordierite are co-extensive with the ground mass foliation and typically 
continuous through adjacent poikiloblasts into the ground mass (Fig. 4.2).
Biotite ranges from fine approximately 0.15 mm groundmass phases (though 
always larger than the groundmass muscovite) to porphyroblastic phases up to 2 mm. 
Porphyroblastic biotite which defines the coarse layering in the rock, shows no preferred 
orientation itself. These randomly oriented porphyroblasts contain inclusions of ilmenite 
and quartz with minor chlorite and an earlier small biotite. The inclusions, principally 
ilmenite define trails coextensive with the groundmass and inclusion trails within adjacent 
poikiloblastic/porphyroblastic phases. Biotite inclusions within the poikiloblastic
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Fig. 4.2 Folded (F2 ) inclusion trails of ilmenite and quartz within
poikiloblastic cordierite. These inclusion trails are unintenupted 
in crossing into adjacent cordierite and through into the ground 
mass. Note also the inclusion free cordierite associated with the 
large magnetite.
Photomicrograph base length equals 4.0mm.
Thin section No. 19572, Grid reference 572697
cordierite are generally small but range up to approximately 1.5mm. These biotites are 
often more xenoblastic with a rounded and embayed morphology than the groundmass or 
poikiloblastic biotites which are subidiomorphic with more ragged rather than rounded 
grain margins. In addition biotite outside the cordierite poikiloblasts is typically larger 
and more abundant and, generally comprises a higher density of inclusions.
Poikiloblastic andalusite occur as large xenomorphic blasts sieved with inclusions 
of quartz, ilmenite, biotite, icfomorphic magnetite and subidiomorphic to xenomorphic 
inclusion free andalusite. As with the other poikiloblastic and porphyroblastic phases, 
inclusions within the andalusite define trails coextensive with the groundmass and 
adjacent biotite and cordierite blasts. However unlike cordierite, andalusite does not have 
muscovite or chlorite as inclusions. Biotite inclusions within the andalusite are in general 
smaller (up to ~lmm) than the external porphyroblastic phases which show intergrowth 
textures with the andalusite. Where andalusite blasts are small or poorly developed they 
are themselves overgrown and included by porhyroblastic biotite.
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Minor inclusion free andalusite is present as both overgrowths on magnetite and as 
independent subidiomorphic to xenomorphic blasts. As recognised with the inclusion 
free cordierite, minor intergrowths of inclusion free andalusite with the magnetite 
probably indicate a synchronous crystallisation. Inclusion free andalusite is always 
included with or in close association with the poikiloblastic andalusite and locally is 
partly overgrown by poikiloblastic cordierite (Fig. 4.3).
Fig. 4.3 Inclusion free andalusite shovsing an intergrowth association 
with subidiomorphic magnetite is partially overgrown by 
poikiloblastic cordierite.
Photomicrograph base length equals 2.4mm.
Thin section No. 19572, Grid reference 572697
4.2.3 Cordierite-Staurolite-Andalusite-Biotite Assemblage: 
(CSAB)
Texturally this association is similar to the SAB and CAB associations discussed 
above. The most significant distinction of this association is the coexistence of staurolite 
and cordierite and the absence of muscovite within the assemblage.
Dense inclusions within the poikiloblastic cordierite and andalusite define trails 
which are coextensive with the groundmass foliation. This inclusion association is 
consistent with the staurolite and biotite as well as similar phases within the SAB and 
CAB assemblages above. The relative timing of crystallisation of the poikiloblastic and
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porphyroblastic phases are primarily constrained through the textural relations of biotite. 
These include the partial overgrowth and minor inclusion of staurolite by biotite, the 
mutual intergrowth of biotite and cordierite only along the latters poikiloblast margins, the 
absence of large porphyroblastic biotite inclusions within the poikiloblastic cordierite and, 
the mutual in ter growth of included biotite with poikiloblastic andalusite (Fig. 4.4).
Fig. 4.4 Poikiloblastic andalusite showing mutual intergrowth
relationships with porphyroblastic biotite. The biotite included 
within andalusite shows irregular intergrown contacts and 
locally overgrows and includes the andalusite.
Photomicrograph base length equals 2.4mm.
Thin section No. 19573, Grid reference 570698
The intergrowth textures of porphyroblastic biotite with both cordierite and 
andalusite are consistent with the initial crystallisation of porphyroblastic biotite with late 
cordierite growth and cotemporaneous crystallisation with andalusite. The idiomorphic 
character of staurolite where it is within the groundmass or only partly over grown by 
cordierite and the smaller subidiomorphic to xenomorphic morphology of included 
phases is consistent with cordierite and staurolite crystallising synchronously.
4 . 2 . 4  Garnet-Staurolite-Biotite Assemblage (GSB)
This felsic assemblage is characterised by the presence of porphyroblasts of garnet 
within a fine grained groundmass of xenomorphic quartz, feldspar, biotite and minor
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ilmenite, tourmaline and apatite. Rare porphyroblasts of staurolite and xenomorphic 
porphyroblasts of chlorite are also locally present. White spots in the rock are small 
lenses of granoblastic quartz coextensive with the Si foliation within a biotite-rich 
groundmass which probably represent large recrystallised protolith quartz grains.
Biotite in the groundmass occurs as fine equigranular laths with a prefeued 
orientation defining an Si foliation. A later coarser grained biotite commonly with 
inclusions of quartz is typically discordant to the foliation and truncates the earlier finer 
grained biotite. This coarse grained biotite is commonly localised along and within 
quartz veining which cross cut the sample.
Chlorite occurs as xenoblastic porphyroblasts which contain inclusions of quartz, 
ilmenite, rare tourmaline and biotite. These chlorite porphyroblasts overgrow the biotite 
foliation with biotite inclusions commonly showing diffuse change in pleochroic colours 
to green indicative of alteration to chlorite. Partially overgrowing the chlorite 
porphyroblasts is the coarse grained secondary biotite (Fig. 4.5).
Fig. 4.5 Secondary biotite porphyroblasts partially overgrown on
secondary chlorite and truncating the earlier fine grained 
biotite foliation.
Photomicrograph base length equals 1.2mm.
Thin section No. 19574, Grid reference 558734
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Garnet porphyroblasts are idiomorphic and contain fine inclusions of quartz and 
minor ilmenite, the former are prominent within the garnet cores defining a zonation. 
Staurolite is also present as rare idiomorphic poikiloblasts containing abundant quartz 
with minor biotite inclusions. These quartz inclusions define weak inclusion trails which 
are coextensive with the ground mass foliation.
4.2.5 Gedrite-Staurolite-Garnet-Cordierite Assemblage:
( G S G C )
This aluminous amphibole-bearing assemblage was found at one location on the 
south east corner of Fisher Massif (grid reference 536581). This rock comprises a fine 
grained granoblastic ground mass with larger blasts of subidiomorphic garnet, 
xenomorphic cordierite, acicular gedrite, idiomorphic magnetite and minor xenomorphic 
staurolite. The ground mass assemblage comprises quartz, plagioclase, biotite, chlorite, 
cordierite, staurolite, ilmenite and minor K-feldspar with accessory apatite and zircon.
Biotite is a prominent groundmass phase occurring as subidiomorphic laths up to 
0.7mm. Minor inclusions within the biotite are quartz, Fe-Ti oxides and zircon. Chlorite 
is also an inclusion phase but more commonly is only partially overgrown by biotite. 
Much of this chlorite may be associated with secondary alteration of biotite, characterised 
by partial pseudomorphing and localised marginal fibrolitic masses. Chlorite is common 
as course laths and radial aggregates in both the groundmass and as inclusion phases. 
Many of these coarse chlorites comprise localised regions of relic biotite.
Minor staurolite is present both as small xenomorphic relic grains enclosed by 
cordierite and as rare xenomorphic porphyroblasts with inclusions of biotite, quartz and 
plagioclase. The latter staurolite characteristically show diffuse to embayed contacts with 
cordierite. Included in cordierite with the relic staurolite is a rimming association of fine 
fibrolitic to acicular chlorite and coarser grained laths of muscovite (Fig. 4.6). This 
chlorite-muscovite association is also recognised as localised aggregated masses though 
always as inclusions within the cordierite.
Gedrite occurs as discreet, elongate, subidiomorphic crystals which contain minor 
inclusions of quartz, ilmenite and chlorite and locally are partially intergrown with biotite. 
Gedrite is also partially altered to fine fibrolitic chlorite fringing the grain margins 
particularly along cleavage edges. This fibrolitic chlorite is distinct from the included 
phases with the latter having a coarser lath like grain size and is recognised as discordant 
and partially overgrown grains. Chlorite alteration in another cordierite-absent 
assemblage from the same location is far more prominent and commonly totally 
pseudomorphs the gedrite.
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Fig, 4,6 Small staurolite inclusions within cordierite rimmed by fine 
blades of muscovite and fibrolitic chlorite.
Photomicrograph base length equals 1.2mm.
Thin section No. 19575, Grid reference 536581
Garnet porphyroblasts range from small idiomorphic to the more common larger 
subidiomorphic blasts (up to ~3mm in size). The latter often have a disaggregated 
appearance as a result of being intergrown with coarse grained quartz. Coarse grained 
quartz is also associated with plagioclase in a felsic groundmass which typically mantles 
the garnet porphyroblasts. Other smaller inclusion phases include finer grained quartz, 
chlorite and biotite which is locally partially altered to chlorite. Gamet also in one case 
overgrows quartz mantled xenomorphic staurolite.
Idiomorphic magnetite is present as scattered porphyroblasts throughout the 
sample. The magnetite is intergrown with gedrite, garnet and chlorite. Locally rare small 
idiomorphic garnets are totally included by magnetite. Intergrown chlorite locally 
contains relict biotite. Rare gedrite, fringed by alteration chlorite is partially overgrown 
by the magnetite.
Overgrowing and including all the above phases is poikiloblastic cordierite. This 
cordierite is characteristically xenomorphic with grain sizes up to 15mm and sieved with
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inclusions which give the grain a disaggregated appearance. In detail the inclusions 
within the cordierite comprise of xenomorphic quartz and plagioclase, biotite comprising 
relic biotite, staurolite which is locally mantled by fine muscovite and fibrolitic chlorite, 
coarse chlorite locally aggregated into semi radial masses, ilmenite, idiomorphic 
magnetite comprising intergrowths of chlorite altered biotite, zircon and idiomorphic 
apatite. Gedrite is only rarely included within the cordierite and where recognised shows 
rounded xenomorphic morphology. Partially overgrown gedrite however shows a 
subidiomorphic morphology. Garnet porphyroblasts are also partially overgrown and 
enclosed by cordierite, often separated by quartz and plagioclase rich aggregates though 
never recognised as inclusions.
4 .3  METAMORPHISM AND P-T CONSTRAINTS
4.3.1 Mi Metamorphism
M i assemblages primarily occur as inclusion phases within both the pelitic and 
K20-poor assemblages. The textural associations of the Mi assemblages are discussed 
below and demonstrate the presence of a retrograde episode between the Mi peak 
metamorphic assemblage and the current M2 equilibrium assemblages indicating two 
distinct metamorphic events.
SAB Assemblage: Chloritised Ml biotite is commonly associated with fine grained matted 
retrograde chlorite and is locally included within the secondary porphyroblastic biotite (Fig.
4.7).
CAB Assemblage: An inclusion free Mi andalusite which is intergrown with and mantles 
magnetite is partially overgrown by M2 poikiloblastic cordierite (see Fig. 4.3). 
Poikiloblastic andalusite is argued in the following section to have developed after the 
poikiloblastic cordierite, thus the inclusion free andalusite must represent an earlier 
aluminosilicate phase. Inclusion free cordierite has a similar intergrowth and mantling 
relationship with magnetite as the Mi andalusite suggesting this to also represent an Mi 
phase. Other Mi inclusion phases within magnetite of quartz, muscovite, biotite and 
chlorite also define Si inclusion trails within M2 poikiloblastic andalusite and cordierite 
which were locally folded by F2  prior to inclusion (see Fig. 4.2).
CSAB Assemblage: Inclusion free cordierite is also recognised within the CSAB assemblage.
The similarity of this phase with the inclusion free cordierite discussed above in the CAB 
assemblage implies a similar Mi origin.
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Fig. 4.7 Relict Mj biotite within matted retrograde chlorite which defines 
Sj. Large M2 biotite porphyroblasts overgrow and truncate the 
chlorite
Photomicrograph base length equals 1.2mm.
Thin section No. 19571, Grid reference 570698
GSB Assemblage: Within the quartz rich GB assemblage Mi biotite which defines Si is locally 
overgrown and included by chlorite porphyroblasts. Locally Mi biotite shows partial 
alteration to chlorite but only in close association with the chlorite porphyroblasts. Later 
small porphyroblasts of a M2 biotite partially include the chlorite (see Fig. 4.5).
GSGC Assemblage: Relic staurolite within the K20-poor assemblage is locally rimmed by fine 
muscovite and acicular chlorite and has subsequently been included by poikiloblastic 
cordierite (see Fig. 4.6). The association of chlorite and muscovite with staurolite reflects 
the retrogression of the latter phase by the reaction:
Staurolite + biotite +F120 = chlorite + muscovite 4.1
Biotite and gedrite locally contain inclusions of primary chlorite with both also showing 
later partial to complete alteration to secondary chlorite. Porphyroblastic garnet, 
poikiloblastic cordierite include and partially overgrow the retrograded biotite and gedrite.
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The above textural relationships indicate Mi metamorphism occurred in association 
with the development of S i but pre- D2. An important textural feature of the above is the 
common evidence for the retrogression of Mi phases and the subsequent overprinting by 
M2 assemblages. This demonstrates that Mi represents a completely separate event from 
M2 and not just two points along a single P-T path.
4.3.2 M2 Metamorphism
4.3.2.1 Pelide and Felsic Assemblages
The second metamorphic episode (M2) is characterised by the poikiloblastic and 
porphyroblastic phases. These M2 phases overprint the S1 foliation and F2 folding of S1 
constraining M2 metamorphism to post D2. The M2 metamorphism is attributed to a 
thermal event not associated with any deformation. This is evidenced by the 
characteristic coextensive inclusion trails through M2 poikiloblasts and porphyroblasts 
with the groundmass and adjacent M2 blasts. The consequence of M2 metamorphism 
without the association of deformation was the preservation of early Mi phases. The 
absence of any deformation associated with M2 minimised the potential for fluid access 
thereby limiting the potential for complete reaction and equilibration.
M2 equilibrium assemblages are represented by the three associations: SAB, CAB 
and CSAB. Assemblages containing excess muscovite (SAB and CAB) are represented 
on AFM projections through muscovite (Fig. 4.8a). Mineral chemistry of these phases 
are presented in Appendix 3. In more felsic, Fe-rich assemblages, M2 is represented by 
the porphyroblastic garnet-biotite-staurolite (GSB). This assemblage overprints Mi 
biotite which defines Si and, Mi retrograde chlorite. The GSB M2 assemblage is 
compatible with the AFM topology of the pelitic assemblages (Fig. 4.8b).
Phase equilibria of pelitic assemblages comprising quartz, feldspar, biotite, 
muscovite, chlorite, andalusite ± cordierite ± staurolite have been described and 
represented on petrogenetic grids by a number of workers (eg. Albee 1965, Hess 1969, 
Thompson 1976, Kepezhinskas and Khlestov 1977, Harte and Hudson 1979, Hudson 
1980, Labotka 1981, Spear and Cheney 1989, Powell and Holland 1990). The M2 
assemblages of Fisher Massif are typical of low pressure metamorphism characterised by 
equilibrium assemblages of staurolite, andalusite, biotite (SAB) and cordierite, 
andalusite, biotite (CAB) associations (Spear and Cheney 1989).
The equilibrium assemblages of cordierite-andalusite-biotite and staurolite- 
andalusite-biotite are constrained to between 550°C and 675°C on the grids of Hess 
(1969), Thompson (1976), Kepezhinskas and Khlestov (1977), Harte and Hudson 
(1979), Spear and Cheney (1989) and Powell and Holland (1990). Figure 4.9 shows
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a AF2O3
Andalusiteo Staurolite 
□ Cordierite 
+ Biotite
+ quartz 
+ muscovite 
+ H2O
FeO+MnO
Fig. 4.8 AFM diagrams projected through muscovite showing (a) the SAB 
and CAB assemblages and (b) the compatibility of the GSB 
assemblage with the SAB and CAB assemblages.
the relevant portions of the petrogenetic grids of Thompson (1976), Spear and Cheney 
(1989) and Powell and Holland (1990) as examples.
The steep slopes of the univariant reactions on the grid of Spear and Cheney (1989) 
do not enable reliable constraints on pressure. In contrast the grids of Hess (1969), 
Thompson (1976), Kepezhinskas and Khlestov (1977) and Powell and Holland (1990) 
show invariant points bounding the andalusite-biotite univariant reaction which constrain 
a minimum pressure for the stability of SAB and CAB assemblages to between 3-4kb, 
3.8-4.5kb, 2-4kb and 5.2-5.5kb respectively. The higher minimum pressure of Powell 
and Holland's (1990) calculated grid is reduced when Fe3+ is considered. According to 
Fig. 6 of Powell and Holland (1990) the substitution of between 5 and 10% of octahedral 
A1 by Fe3+ in biotite will reduce the minimum pressure of aluminosilicate + biotite 
stability to around 4kb and the temperature to around 550-610°C. However with 
increased Fe3+ in biotite the calculated slope of the reaction staurolite-cordierite to biotite- 
andalusite becomes flatter and pressure dependant and inconsistent with the other grids.
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+ Muscovite 
+ Quartz 
+H 20
Fig. 4.9 A combined petrogenetic grid diagram showing the KFMASH 
grids of Thompson (1976) in heavy dashed lines, Spear and 
Cheney (1989) in solid lines and Powell and Holland (1990) in 
light dashed lines. The shaded areas in Thompson's (1976) and 
Powell and Holland's (1990) grids indicate regions of stability for 
the SAB and CAB equilibrium assemblages. The dotted line 
represents the calculated extended stability o f biotite and 
andalusite to lower pressures with substitution of 5% Fe^+ into 
the octahedral site of biotite. for the Powell and Holland (1990) 
grid The A ^S iO s  equilibria shown is from Richardson et al.
(1969) (see text for discussion).
A maximum pressure is set by the andalusite-sillimanite boundary which constrains 
the SAB and CAB assemblages by the absence of sillimanite and the predicted 
temperatures and minimum pressure limits from the grids of Hess (1969), Thompson 
(1976) and Kepezhinskas and Khlestov (1977). Within these limits the aluminosilicate 
equilibria of Richardson et al. (1969) is most appropriate, constraining an upper pressure 
limit of between 4.2 and 5.5kb.
In many petrogenetic grids (Hess 1969, Thompson 1976, Kepezhinskas and 
Khlestov 1977, Harte and Hudson 1979 and Powell and Holland 1990) a stability field 
for cordierite, staurolite and muscovite is shown. However Spear and Cheney's (1989)
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grid predicts that cordierite and staurolite will not coexist in an assemblage with 
muscovite and support this by citing the common absence of these phases in natural 
assemblages above lkb.
In both the SAB and CAB assemblages minor relic cordierite and extremely rare 
staurolite are recognised in each respectively. Within the CAB assemblage poikiloblastic 
cordierite contains abundant inclusions of chlorite and muscovite. However there is a 
notable absence of these inclusions within the poikiloblastic andalusite. This inclusion 
relationship may suggest a possible reaction of chlorite and muscovite to the equilibrium 
assemblage cordierite + andalusite + biotite from an assemblage of chlorite, cordierite and 
biotite. Conversely the presence of trace relic staurolite in association with poikiloblastic 
cordierite suggests that staurolite was a reactant phase in the production of the CAB 
assemblage through reaction with chlorite.
The association of xenomorphic rounded to embayed cordierite with secondary 
biotite and andalusite in the SAB assemblage suggests the cordierite may have been 
involved in reactions to produce andalusite and biotite. The presence of partially altered 
staurolite embayed on the same andalusite poikiloblast associated with the above 
cordierite and the minor inclusion of staurolite within the andalusite (see Fig. 4.1), is 
consistent with the reaction:
staurolite + cordierite + muscovite = andalusite + biotite + H2O 4.2
The common overgrowth and inclusion of staurolite by andalusite and biotite and the 
absence of staurolite and cordierite in contact supports this interpretation.
Muscovite is only present within the SAB assemblage in trace quantities which 
accounts for the preservation of cordierite. In the CAB assemblage which contains 
abundant muscovite, staurolite was only present in trace quantities not in contact with 
chlorite. Conversely in the assemblage comprising poikiloblastic/porphyroblastic 
cordierite, staurolite, andalusite and biotite (CSAB), muscovite is not recognised at all 
and only minor chlorite is present. Spear and Cheney (1989) note the common 
occurrence of cordierite and staurolite in muscovite absent assemblages and indicate that 
where muscovite is present, cordierite and staurolite will not be stable together.
From the above associations, assemblages with abundant muscovite and chlorite 
(eg. CAB) the andalusite-biotite assemblages are produced through reaction of chlorite 
and/or staurolite-chlorite (Spear and Cheney 1989). However in the Fe-rich SAB 
assemblages, the presence of relict cordierite with abundant chlorite and minor muscovite 
is not compatible with the biotite-andalusite producing reactions on the grid of Spear and
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Cheney (1989) but is more consistent with the reactions on the grid of Thompson (1976) 
(see Fig. 4.9):
chlorite + muscovite + quartz = biotite + staurolite + cordierite 4.3
and then:
staurolite + cordierite + muscovite = andalusite + biotite + H2O 4.2
4 .3 2 .2  K2 O-Poor Assemblages
The K 20-poor gedrite-staurolite-garnet-cordierite (GSGC) association is 
characterised by an M2 equilibrium assemblage of garnet and cordierite (Fig. 4.10a). 
Early inclusion phases of gedrite and minor relic staurolite are consistent with a prograde 
reaction (Fig. 10b) of:
staurolite + gedrite + quartz = garnet + cordierite + H2O 4.4
AF2O3
o Staurolite 
□ Cordierite 
a Gedrite 
o Garnet
FeO+MnO
FeO+MnO MgO
Fig. 4.10 (a) AFM diagram showing the equilibrium assemblage of garnet
and cordierite.
(b) The earlier assemblage of staurolite and gedrite (see Fig. 4.11 
for this reaction).
On the FMASH grid of Hudson and Harte (1985) the reaction of staurolite and 
gedrite to a garnet, cordierite association constrains a prograde P-T path to 600-650°C 
and 3.5-4.5kb (Fig. 4.11). The NCFMASH grid of Spear and Rumble (1986) shows 
the above reaction with a near flat positive slope bounded by invariant points at 550°C
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Fig. 4.11 The FMASH petrogenetic grid of Hudson and Harte (1985) 
showing the stability field for the cordierite-garnet 
equilibrium assemblage (shaded area). Fine dashed lines are 
FASH univariant reactions. The A ^ S i O y  equilibria shown is from 
Richardson et al. (1969).
and 600°C at 4kb. Both of these grids constrain the cordierite-garnet equilibrium 
assemblage to P-T conditions which compare well with the broad KFMASH grid 
constraints for the pelitic assemblages. The reaction of staurolite + gedrite to cordierite + 
garnet on the grid of Spear and Rumble (1986) is a decompression reaction which is 
inconsistent with the demonstrated prograde reactions of the pelitic assemblages on the 
KFMASH grids. The steeper slope of the univariant reaction on the FMASH grid of 
Hudson and Harte (1985) is more compatible with a prograde metamorphic reaction path 
of increasing temperature.
From a minimum temperature of peak metamorphism of between 600°C and 650°C, 
the stability field of the M2 equilibrium assemblage cordierite-garnet-gedrite is open 
ended on the grid of Hudson and Harte (1985). The stability field of cordierite-garnet- 
gedrite has significant overlap with the biotite-andalusite stability on the KFMASH grids 
for the pelitic equilibrium assemblages.
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4.3 .3  P-T Constraints
Use of specific mineral compositions rather than assemblages within the pelitic and 
felsic assemblages on Fisher Massif proved unsatisfactory for P-T calculations. 
Application of biotite/garnet and ilmenite/garnet exchange thermometers resulted in a 
significant spread in calculated temperatures reflecting poor re-equilibration by M2 
metamorphism. The poor re-equilibration of phases is demonstrated for example by 
inclusions of Mi chloritised biotite and retrograded Mi staurolite within garnet and 
cordierite associated with peak M2 metamorphism of the K^O-poor assemblages. P-T 
estimates from the pelitic and felsic assemblages on Fisher Massif are based solely on 
petrogenetic grid constraints.
These assemblages are restricted to quiet specific P-T conditions on the various 
grids irrespective of the compositions of the minerals. In the K^O-poor assemblage the 
univariant reaction of staurolite-gedrite is invoked to produce the stable cordierite-garnet 
assemblage. This reaction is shown to have a moderately positive slope on the grid of 
Hudson and Harte (1985). Within the pelitic assemblages, development of the stable 
assemblage biotite + andalusite is argued to involve the reaction of staurolite-cordierite- 
muscovite on the grids of Hess (1969), Thompson (1976), and Harte and Hudson 
(1979) which show a moderately negative slope. In the more Mg-rich muscovite bearing 
assemblages (CAB), chlorite-staurolite-muscovite and/or chlorite-muscovite are invoked 
to produce the equilibrium biotite-andalusite assemblage. These reactions on the grid of 
Spear and Cheney (1989) have a steep positive slope.
The opposing sense of the univariant reaction slopes for staurolite-gedrite and 
staurolite-cordierite in the K^O-poor and pelitic assemblages respectively are most 
compatible with a near isobaric prograde M2 metamorphic path. This is also consistent 
with the temperature dependant univariant reactions on the grid of Spear and Cheney 
(1989). The constraints imposed by the grids for the K^O-poor and pelitic assemblages 
restrict peak M2 metamorphic conditions to 640-675°C and 3.8-4.5kb (Fig. 4.12).
Assemblages associated with Mi are for the CAB assemblage: quartz-muscovite- 
biotite-chlorite-cordierite-andalusite and, for the GSGC assemblage: staurolite-gedrite- 
biotite-chlorite. These assemblages suggest peak Mi metamorphism occurred at similar 
temperatures to M2 . However the apparent stable association of Mi staurolite and gedrite 
in the K2 0 -poor assemblage suggest the pressure of Mi metamorphism may have been 
higher than M2 with an upper limit constrained by the andalusite-sillimanite polymorph 
boundary. Thus the relict Mi phases within the pelitic and K20-poor assemblages 
constrain peak Mi metamorphic conditions to approximately 625-675°C and 4.5-5.3kb 
(Fig. 4.12).
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Fig. 4.12 A comparison of the KFMASH grid of Thompson (1976) and the 
FMASH grid of Hudson and Harte (1985) showing the relevant 
stability fields for the equilibrium assemblages. The opposing 
slopes of the Cd+St=Bi+Als KFMASH reaction and St+Ged=Cd+Gt 
FMASH reaction constrains an M2 prograde metamorphic 
reaction path to near isobaric. The shaded areas indicate the P-T 
regions for peak metamorphism of Mj and M2 . The A ^S iO y  
equilibria shown is from Richardson et al. (1969)
Chapter 5
Petrography of the Ultramafic, 
Mafic, Intermediate and Felsic
Assemblages
5 .1  INTRODUCTION
Rocks of ultramafic, mafic, intermediate and felsic compositions comprise meta- 
volcanics, layered gneisses, large meta-intrusive plutons and meta-dykes. Ultramafic 
assemblages contain amphibole and chlorite ± talc. The mafic series rocks are typical 
amphibolites comprising assemblages with amphibole, plagioclase, ilmenite ± sphene ± 
quartz ± biotite ± epidote. Intermediate and felsic compositions are characterised by a 
relative increase in abundance of plagioclase, quartz ± biotite ± amphibole ± garnet ± K- 
feldspar.
Calcic amphibole is the most common amphibole in these rocks ranges in 
composition from actinolite/tremolite through to tschermakite and pargasite. 
Cummingtonite and gedrite are less common and generally occur in the intermediate to 
felsic rocks. Gedrite occurs in K20-poor aluminous assemblages which have been 
discussed in chapter 4. Cummingtonite is prograde and retrograde and is often associated 
with calcic amphiboles.
Amphibole zonation is common throughout the mafic and ultramafic series. In the 
mafic series amphibole zonation is generally a simple core and rim association. More 
complex zonation within amphiboles of the ultramafic series is represented by up to five 
zone associations characterised by oscillating compositions of actinolite/tremolite and 
hornblende. Intermediate composition assemblages at Fisher Massif show rare zonation 
of cummingtonite rimming hornblende and at Mount Willing, cummingtonite is partially 
replaced and rimmed by hornblende.
In the following discussion the petrography of the meta-volcanics, layered gneisses 
and intrusive rocks are described. Detailed discussion of the amphibole zonation within 
the mafic and ultramafic assemblages of Fisher Massif is presented in chapter 6. The aim 
of this chapter is to detail the mineralogy and petrographic associations of the ultramafic, 
mafic, intermediate and felsic assemblages within the Fisher Terrane.
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5 .2  ASSEMBLAGES WITHIN THE META-VOLCANICS 
AND LAYERED GNEISSES
5 . 2 . 1  F i s h e r  M a s s if  M e t a -G r e e n s t o n e  S e q u e n c e
5.2.1.1 The UltramaficMeta-Volcanics/Sills
Ultramafic assemblages contain abundant large calcic amphibole in a fine 
groundmass of chlorite, calcic amphibole and where present, talc. Talc occurs as fine 
grained masses and locally as cross cutting veins within and sub-parallel to amphibole 
cleavage and which in some samples is cut by later veins of chlorite. Some assemblages 
contain only fine grained recrystallised amphiboles which are characterised by a decussate 
texture of acicular idiomorphic to subidiomorphic amphibole with only minor interstitial 
chlorite. Accessory phases include magnetite, ilmenite and rutile.
Amphibole blasts are commonly xenomorphic to sub-idiomorphic but in some 
samples with a sparse blast density, amphiboles are mostly idiomorphic to sub­
idiomorphic. The common stubby morphology of many amphiboles suggests pyroxene 
is pseudomorphed by amphibole. Coarse grained assemblages with a massive coarse 
granular texture reflect an original cummulate texture (Fig. 5.1). Xenomorphic to
Fig. 5.1 Coarse grained intergrown granular texture interpreted to
represent a pseudomorphed original cumulate texture. Note the 
irregular and patchy zonation.
Photomicrograph base length equals 7.5mm.
Thin section No. 19576, Grid reference 552657
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sub-idiomorphic amphibole inclusions occur within the larger amphiboles, many 
showing the same crystallographic orientation as adjacent grains with some linked by thin 
bridges. These intergrowth textures represent primary igneous features.
Grain margins of the amphibole blasts facing the groundmass may be sharp, 
defining a crystal face or ragged and partly recrystallised. The latter feature is often 
associated with an outer optical zonation of the amphibole blast. Where amphibole grain 
margins contact with other amphiboles the contact is irregular and commonly intergrown 
with a serrated texture. In some assemblages calcic amphibole blasts are totally to partly 
recrystallised with an elongate to matted texture and locally associated with very fine talc 
and chlorite. Well zoned amphibole blasts coexist with these recrystallised blasts and 
commonly show sharp or relict serrated grain contacts between phases (Fig. 5.2).
Fig. 5.2 A totally recrystallised blast o f amphibole which is part of a 
relict intergranular cummulate texture.
Photomicrograph base length equals 4.0mm.
Thin section No, 19576, Grid reference 552657
Zonation within the amphibole blasts is optically distinguishable in both plane light 
and in polarised light with pleochroism ranging from brown green to green for 
hornblende compositions and pale brown to almost clear for the actinolite/tremolite 
compositions. The optical zonation corresponds to a compositional variation from
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actinolite and tremolite to magnesio-hornblende and minor tschermakitic hornblende. A 
small number of samples also range from pargasitic hornblende and edenitic hornblende 
due to a greater A site occupancy (see Appendix 4 for amphibole classification and 
compositional range).
Large amphibole blasts within some assemblages locally contain an intracrystal 
zonation. These internally zoned regions locally encompass fine chlorite, amphibole and 
minor talc alteration masses, characteristic and often texturally indistinguishable from the 
groundmass. It could be inferred these internal “ground mass pods” are part of the 
external ground mass in the third dimension but are seen as “inliers” in two dimensions. 
However the same ground mass material is locally associated with the amphibole 
cleavage linking internal pods with the external ground mass.
Compositions of the matrix amphibole all fall within the actinolite compositional 
field except for one sample (sample No. 53819, grid reference 466576) in which the 
matrix amphibole has higher aluminium cation values up to 1.47 and fall within the 
magnesio-hornblende and actinolitic hornblende compositional field. In the same sample 
fine amphibole associated with the internal alteration zones is actinolite contrasting with 
the more aluminous matrix phases.
5.2.1.2 Mafic Meta-Volcanics
Mafic amphibolites at Fisher Massif show good preservation of primary igneous 
features characterised by pseudomorphic amphibole after pyroxene and relic igneous 
plagioclase (Fig. 5.3). These medium to coarse grained assemblages are texturally 
xenoblastic, with large blasts of amphibole within a partially recrystallised matrix of 
predominantly feldspar with minor quartz and epidote. Assemblages which show total 
recrystallisation are characterised by calcic amphibole blasts supported within a ground 
mass of granoblastic plagioclase and quartz, the former generally showing a 
comparatively smaller grain size.
Amphiboles within the mafic meta-volcanics range from large xenomorphic blasts 
through to smaller generally idiomorphic phases. The larger xenomorphic to sub- 
idiomorphic amphibole blasts are commonly characterised by ragged and recrystallised 
margins. The stubby irregular morphology of these blasts is consistent with replacement 
of an original pyroxene (Fig. 5.4). Smaller phases are commonly idiomorphic and/or 
fine elongate laths of hornblende, locally with an acicular character and show a 
pleochroism of yellowy green to green. These idiomorphic amphiboles are representative 
of recrystallised metamorphic phases.
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Fig. 5.3 Relict intergranular texture with partially recrystallised
plagioclase and stubby intergrown amphibole interpreted to 
represent pseudomorphed pyroxene.
Photomicrograph base length equals 2.4mm.
Thin Section No. 19578, Grid reference 564718
Other than the large blasts within the one amphibolite from Nilsson Rocks, 
amphibole zonation is only recognised within mafic samples from Fisher Massif, This 
zonation is present only within the larger amphiboles and is characterised by a simple 
core to rim association with pleochroism ranging from yellowy green and light green 
actinolite in the core to darker green and browny green tschermakite and ferro- 
tschermakite at the rim. Minor rim analyses with greater A site occupancy range from 
pargasitic hornblende and ferroan pargasitic hornblende to ferroan pargasite (see 
Appendix 4).
Plagioclase occurs as partially to totally recrystallised, equigranular, fine grained 
phases locally associated with relict euhedral to subhedral phases. Partially recrystallised 
plagioclase is characterised by polygonal low angle subgrains which still retain the 
twinning extinction (see Fig. 5.3). Polygonal subgrain development showing low angle 
extinction misorientations which often increase into a recrystallised matrix consistent with 
a recovery type recrystallisation associated with temperatures greater than 550°C (Tullis 
1983). Local high angle misorientations between recrystallised grains and undeformed
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Fig. 5.4 The amphibole blast shows a stubby morphology interpreted to 
represent a pseudomorphed pyroxene. The intergrown relict 
plagioclase is consistent with this interpretation showing a relict 
subophitic texture.
Photomicrograph base length equals 2.4mm.
Thin section No. 19579, Grid reference 570698
relict grains may also indicate a grain boundary migration mechanism was also involved. 
Relict plagioclase ranges from labradorite to bytownite with some rim compositions of 
andesine. Preserved zonation within the relict and partially recrystallised plagioclase is 
normal with more sodic rims and generally some locally associated oscillatory zoning 
also recognised. Recrystallised plagioclase is compositionally less calcic ranging from 
oligoclase to andesine.
Quartz is present in nearly all mafic samples. Very fine grained recrystallised 
quartz in association with recrystallised plagioclase samples is often difficult to recognise 
optically and its abundance and or presence, particularly within the more mafic rocks is 
poorly demonstrated.
Epidote is generally only associated with relict or partially recrystallised 
plagioclase. This epidote occurs as fine xenomorphic grains associated with the alteration 
of plagioclase and locally as minor inclusions within amphibole. In assemblages where 
plagioclase is totally recrystallised, epidote is commonly not present.
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Chlorite is only in a small number of samples as retrograde radial to lath like 
interstitial intergrowths on and between amphibole blasts. It also overgrows and includes 
epidote. Another common chlorite association is as fine laths within partially 
recrystallised plagioclase and locally within totally recrystallised plagioclase though the 
chlorite in this latter relationship is often ragged and altered.
Fe and Fe-Ti oxides are present in all samples as xenomorphic elongate to sub- 
equidimensional grains locally showing skeletal crystal growth textures. The most 
common oxide phase is ilmenite which typically shows fine elongate bleb like exsolutions 
of ulvospinel and/or hematite. Magnetite more commonly is homogeneous though does 
locally show ilmenite exsolution lamellae in a triangular pattern to the magnetite 
crystallographic planes. Both phases occur within recrystallised plagioclase and as 
inclusions within amphibole. These oxide phases are also recognised as inclusions 
within pseudomorphic amphibole and relict plagioclase suggesting a primary magmatic 
origin. Fine grained sphene commonly rims ilmenite and occasionally magnetite.
Biotite in the mafic assemblages is associated only with alteration of amphibole. 
This alteration is possibly a later hydrothermal effect as is inferred by the localised 
distribution and association of biotite within veins and pod like associations.
Carbonate occurs in only a few samples as a secondary interstitial phase often in 
association with epidote and muscovite. Carbonate also occurs with retrograde chlorite 
and as a vesicle infilling phase within amygdaloidal basalts in association with quartz, 
chlorite and plagioclase.
5.2.1.3 Intermediate to Felsic Meta-Volcanics
All intermediate and felsic assemblages on Fisher Massif are totally recrystallised 
with former crystal and lithic fragments within volcaniclastics now only defined by both 
compositional differences and variation in recrystallised grain size. The most felsic 
assemblages are characterised by recrystallised quartz, feldspar and biotite with scattered 
small subidiomorphic porphyroblasts of garnet.
One intermediate assemblage (sample No. 53822, grid reference 570698) consists a 
groundmass of recrystallised quartz, plagioclase and chlorite with porphyroblasts of 
calcic amphibole rimmed by Fe-Mg amphibole. The only other Fe-Mg amphibole 
association identified is with the interlayered mafic meta-volcanics associated with the 
ignimbritic felsic meta-volcanics and sulphide mineralisation (grid reference 536581). 
Cummingtonite in these samples is within an assemblage of plagioclase ± chlorite ±
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garnet ± quartz. As discussed in chapter 2 section 2.6.2, it is inferred these assemblages 
may result through the metamorphism of a hydrothermally altered protolith.
Recrystallised quartz within the intermediate and felsic assemblages show the grain 
size to reflect primary grain size variation. This is exemplified within meta-volcaniclastic 
assemblages which contain recrystallised relict quartz crystal fragments within a fine 
grained quartz rich recrystallised ground mass. Grain boundary pinning within a quartz 
rich ground mass by fine grained biotite contributes significantly to the preservation of 
the above grain size textural variation and is particularly important in the preservation of 
lithic fragments within the meta-volcaniclastics.
Epidote occurs throughout the felsic to intermediate assemblages as fine grained phases 
associated with the alteration of plagioclase and as coarser grained xenomorphic phases 
which are often included within amphibole and locally biotite. In some of the meta- 
volcaniclastics pervasive epidote, carbonate, chlorite alteration is associated with the 
break down of amphibole.
5.2.2 Nilsson Rocks and Mount Willing Layer Gneisses
Discussion of the petrography of Nilsson Rocks and Mount Willing together is due 
to the similarity of the rock types and the limited data available for these areas.
5.2.2.1 Mafic Gneisses
Mafic assemblages on Nilsson Rocks and Mount Willing normally show complete 
recrystallisation with amphibolites characterised by a granoblastic texture. A typical 
assemblage contains hornblende + plagioclase + quartz + Fe-Ti oxides commonly 
mantled by fine grained sphene. Relict phases of clinopyroxene and minor 
orthopyroxene are recognised within one sample on Nilsson Rocks (Sample No. 53823, 
grid reference 569393). These pyroxenes define a compositional layering within a 
granoblastic amphibolite and represent a relict granulite facies assemblage. Locally 
within this same sample occur isolated large zoned blasts of actinolite with inclusions of 
quartz and plagioclase. Common to mafic amphibolites on both Nilsson Rocks and 
Mount Willing is the absence of epidote.
Amphiboles within the mafic assemblages of Nilsson Rocks and Mount Willing are 
xenomorphic and generally equigranular hornblende. An exception is the large blasts of 
actinolite within a sample from Nilsson Rocks which are variably and gradationally zoned 
to hornblende. Plagioclase show total recrystallisation within the gneisses on Nilsson 
Rocks and Mount Willing and limited compositional data from the mafic assemblages of 
Nilsson Rocks show the recrystallised phases as andesine.
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Granulite facies rocks were only recognised in a small area at Nilsson Rocks (grid 
reference 549396). In a strict sense these mafic granulite facies assemblages are not true 
granulites but are transitional from amphibolite facies in a “hornblende granulite facies”. 
The assemblage consists of plagioclase, calcic amphibole, orthopyroxene, quartz, 
ilmenite, retrograde cummingtonite, minor garnet and biotite and, accessory apatite. 
Texturally the rock is granoblastic with the grain size of all but the minor phases 
approximately equal.
Amphibole has inclusions of plagioclase, quartz, ilmenite and biotite and often over 
grows and is embayed by plagioclase. Compositionally the amphibole is marginal 
between tsckermakitic and ferro-tscfeermakitic hornblende (see Appendix 4) and strongly 
pleochroic from brown to green.
Orthopyroxene is always in association with, and has either totally or in part 
pseudomorphed hornblende (Fig. 5.5). Inclusions of plagioclase, quartz and ilmenite are 
relict inclusion phases from the pseudomorphed hornblende. Orthopyroxene often show 
partial to complete retrogression to cummingtonite. Relict hornblende included within the 
orthopyroxene characteristically is mantled by an alteration rim of cummingtonite.
Fig. 5.5 Orthopyroxene with relict partially reacted hornblende and
showing partial retrogression to cummingtonite Note the small 
inclusion of cummingtonite within the ilmenite at the bottom of 
the photomicrograph
Photomicrograph base length equals 4.0mm.
Thin section No. 19582, Grid reference 549396
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Biotite is commonly present in association with amphibole. The biotite occurs as 
small xenomorphic laths which show ragged and diffuse grain margins. Locally biotite 
shows partial alteration to chlorite. These altered phases are recognised included within 
hornblende.
Ilmenite contain inclusions of plagioclase, biotite, cummingtonite and partly 
retrogressed pyroxene and, show intergrown and embayed contact relationships with 
amphibole, plagioclase and pyroxene. These contact and inclusion relationships are 
consistent with the growth of ilmenite during metamorphism possibly from primary 
phases which are preserved as smaller inclusions within amphibole, plagioclase and 
biotite.
5.2.2.2 Intermediate to Felsic Layered Gneisses
The intermediate to felsic assemblages on Nilsson Rocks and Mount Willing 
contain plagioclase + quartz ± hornblende ± cummingtonite ± biotite ± garnet ± ilmenite 
± chlorite ± epidote ± K-feldspar. These gneisses are characterised by compositional 
layering and complete recrystallisation associated with a pervasive deformation defined 
by strong segregation and gneissosity. In intermediate assemblages on Mount Willing a 
common association of sparse relict chloritised biotite with a preferred grain boundary 
and crystal orientation of plagioclase, quartz and amphibole define the foliation.
Amphibole is mostly subidiomorphic to xenomorphic hornblende. However the 
presence of cummingtonite in association with calcic amphibole also becomes important 
in assemblages on Mount Willing. Within the cummingtonite bearing assemblages on 
Mount Willing biotite showing partial alteration to chlorite is overgrown and included 
within cummingtonite, hornblende and locally garnet. Cummingtonite occurs as both 
single crystals and acicular masses, both of which show rimming and replacement by 
hornblende. The interstitial textural association of the acicular cummingtonite with quartz 
and plagioclase, and the lath shaped morphology of some cummingtonite acicular masses 
suggests it represents a retrograde replacement of poikiloblastic orthopyroxene, though it 
is emphasised that no relict pyroxene was identified. Hornblende shows a patchy 
replacement of cummingtonite within single crystals while also commonly rimming both 
fine acicular masses of cummingtonite as well as the larger single crystals (Fig. 5.6). 
Garnet occurs locally intergrown with hornblende and cummingtonite.
Chapter 5 Petrography of the Ultramafic, Mafic, Intermediate and Felsic Assemblages 87
Fig. 5.6 Xenomorphic crystals and acicular masses of cummingtonite 
showing partial replacement and rimming by hornblende.
Photomicrograph base length equals 2.4mm.
Thin section No. 19583, Grid reference 223343
Biotite is abundant in the more felsic assemblages with or without amphibole. 
Biotite associated within the felsic assemblages is characterised by a xenomorphic crystal 
morphology with irregular to ragged grain margins and a preferred oiientation which 
typically defines a foliation. These biotite laths locally show both intergrowth and 
overgrowth textures with epidote. Epidote only occurs in felsic assemblages and is 
always associated with biotite.
Quartz is generally associated with a granoblastic texture but locally large 
xenomorphic grains have overgrown and included plagioclase, amphibole and biotite. 
These coarse grained quartz textures are attributed to a process of reducing grain 
boundary tension through minimising the number of aggregate interfaces by crystal 
growth at relatively high temperatures and over stepping boundary pinning by other 
phases (Hobbs et al. 1976).
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5 .3  ASSEMBLAGES OF THE INTRUSIVE BODIES
5 . 3.1 Foliated Meta-Gabbro and Meta-Quartz Diorites
Foliated meta-gabbro and meta-quartz diorite bodies occur on Fisher Massif and a 
single foliated meta-gabbro body occurs on Nilsson Rocks. The latter has not been 
examined in detail and the following discussion is on the Fisher Massif meta-intrusives.
Both the meta-gabbro and meta-quartz diorite have an assemblage of amphibole + 
plagioclase + quartz + biotite + opaque oxides + epidote and minor sphene + chlorite and 
apatite and show a continuous range in modal compositions between these rock types. 
Their classification and basis of subdivision are discussed in chapter 2, section 2.3.
5.3.1.1 Meta-Gabbros
Amphiboles occur as large xenomorphic and smaller subidiomorphic blasts. These 
blasts contain inclusions of quartz opaque oxides and epidote and locally show a patchy 
gradational zonation from actinolitic to more aluminous rims with pleochroism from 
yellowy brown to green and green with a slight bluish tinge. Biotite is intergrown with 
and locally interstitial to the amphibole but also partially replaces the amphibole. In rare 
meta-gabbro assemblages where biotite predominates over amphibole, biotite occurs as 
large xenomorphic laths and plates showing oriented rutile inclusions and is locally 
overgrown on plagioclase. Other inclusions of quartz, epidote and rare sphene are only 
prominent within the largest of the biotite.
Plagioclase laths retain a euhedral to subhedral relict igneous texture but show 
alteration to epidote, minor chlorite and muscovite. Minor inclusions of amphibole are 
common within relict plagioclase. Many of the relict plagioclase laths show minor 
recrystallisation along grain margins, characterised by low angle subgrain misorientation 
with high angle subgrains where recrystallisation is more extensive.
Quartz is interstitial to all phases, characterised by undulöse and banded coarse 
grained aggregates with serrated grain boundaries. Lobate type grain contacts are typical 
of migrating grain boundaries just beginning to recrystallise. However the serrated and 
lobate contacts of quartz with plagioclase and the localised inclusion of amphibole and 
altered plagioclase within single quartz crystals indicate previous crystal growth, 
probably associated with adjustment of grain boundary tension at high temperatures.
Epidote commonly occurs in close association with amphibole as interstitial 
subidiomorphic grains and within relict plagioclase as coarse to fine grained aggregates 
associated with alteration of more calcic cores. Sphene is included by amphibole and
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biotite as small subidiomorphic blasts and is commonly in close textural association with 
similarly included epidote.
5.3.1.2 Meta-Quartz Diorites
Biotite within the meta-quartz diorite occurs as ragged xenomorphic blasts which 
are often partially recrystallised and contain minor inclusions of sphene, epidote, quartz 
and small plagioclase. Commonly associated with biotite, is ilmenite which contain small 
inclusions of biotite and quartz. Smaller Fe-Ti oxides are commonly included within the 
larger biotite and, if present, amphibole.
Relict igneous plagioclase shows alteration to biotite, epidote, minor chlorite and 
muscovite. Normal zoning within plagioclase to more sodic rims is common though 
some grains have minor oscillatory zonation. Minor inclusions within the plagioclase of 
small biotite and amphibole are related to the alteration and often appear to be associated 
with localised zones of recrystallisation. These recrystallised zones transgress the grains 
and locally occur along grain margins are characterised by low angle subgrain 
misorientation with high angle subgrains forming the bulk of the recrystallised mass. 
These recrystallised zones transgress relict plagioclase and locally occur along grain 
margins and are characterised by low angle subgrain misorientation and more commonly, 
high angle subgrain misorientation consistent with recovery recrystallisation and grain 
boundary migration of high angle boundaries indicating temperatures of recrystallisation 
greater than 550°C (Tullis 1983). Minor relict microcline and perthite grains are 
recognised associated within recrystallised quartz with the former, also as rare 
exsolutions within the plagioclase.
Quartz is interstitial to all phases and show the same petrographic associations as in 
the meta-gabbros. Epidote is less abundant than within the meta-gabbro, most commonly 
associated with alteration of plagioclase and only occurs rarely as fine granular grains on 
the margins of biotite
Sphene occurs as small subidiomorphic blasts, typically as inclusions within 
biotite. Ilmenite is commonly altered and rimmed by fine aggregated sphene which is 
locally included by biotite.
5 .3 .2  T h e  M ount  W il l in g  M e t a -G a b b r o ic  C o m p l e x
The Mount Willing gabbroic complex is discussed separately here due to the weak 
and localised nature of the metamorphism. Some intrusives within the gabbro such as the 
olivine websterite and granite dykes show no indication of metamorphism while the mafic 
dykes which cross cut the mount show only biotite alteration.
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Metamorphism of the olivine gabbronorite is variable from localised partial 
alteration of olivine to complete pseudomorphing of olivine and orthopyroxene and partial 
pseudomorphing of clinopyroxene. In the least metamorphosed sample (sample No. 
53826, grid reference 293138) relict olivine is rimmed by a double corona of 
orthopyroxene which is then rimmed by fine symplectic intergrowths of pargasite and 
quartz (Fig. 5.7) consistent with the reactions:
(Mg, Fe2+)2S i04 + S i02 = (Mg, Fe2+)2Si20 6 5 .1
Olivine Quartz Orthopyroxene
(Mg, Fe2+)2Si20 6 + 3[(CaAl2Si20 8)(NaAlSi30 8)] + H20  =NaCa2(Mg,Fe)4Al[Si6Al2] 0 22(OH)2 + 7Si02 5.2
Orthopyroxene Plagioclase Water Pargasite Quartz
Reaction of (5.1) is possibly magmatic or early subsolidus. This is indicated by a 
magmatic amphibole which both overgrows olivine and the orthopyroxene corona (Fig. 
5.7). This amphibole includes embayed ilmenite-magnetite associations and rounded 
olivine, relict from reaction to orthopyroxene and partially replaces and rims 
clinopyroxene. Compositionally this amphibole is pargasitic and distinguished from 
other metamorphic phases by relatively high T i0 2 of up to 2.7 weight percent (see 
Appendix 4). Where olivine is not included by a magmatic phase it has an orthopyroxene 
corona. The outer symplectitic pargasite and quartz corona is always developed between 
orthopyroxene and plagioclase and is attributed to later metamorphism (reaction 5.2).
The Mount Willing olivine gabbronorite shows no evidence of any strong pervasive 
deformation. Deformation is represented within the olivine gabbronorite by a weak 
spaced foliation and localised shearing and faulting. A weak undulous extinction in 
quartz and truncation of albite twining extinction in plagioclase characterises the 
deformation within the felsic intrusives.
Large metamorphic magnesio hornblende associated with the spaced foliation are 
overgrown on relict plagioclase and consist of minor inclusions of relict clinopyroxene 
and rare olivine. The restricted spatial occurrence of this calcic amphibole represents 
localised regions of fluid ingress during metamorphism facilitating more extensive 
reaction and recrystallisation of olivine and partial recrystallisation of clinopyroxene.
In regions which have undergone a higher degree of metamorphism, clinopyroxene 
is partly to totally pseudomorphed by calcic amphibole and olivine is totally 
pseudomorphed by cummingtonite. The calcic amphibole pseudomorphs have an inner 
core zone of actinolite to actinolitic hornblende which may contain relict clinopyroxene
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Fig. 5.7 Olivine rimmed by an inner corona o f orthopyroxene (A) and 
an outer corona of symplectitic pargasite and quartz (B). See 
text for details of interpreted reactions. Note the magmatic 
amphibole (C) which overgrows olivine.
Photomicrograph base length equals 1.2mm.
Thin section No. 195 84, Grid reference 293138
rimmed by thin zones of magnesio hornblende. Locally around the margins of the 
actinolitic rims are symplectites of magnesio hornblende to actinolitic hornblende and 
plagioclase. Cummingtonite which pseudomorphs the olivine is characterised by 
intergrown fibrolitic and xenomorphic laths. It in turn is rimmed by ferroan pargasite to 
pargasite which are locally symplectically intergrown with plagioclase. These pargasitic 
rims are relict from the earlier reaction of plagioclase and orthopyroxene described above 
in samples with partially altered olivine.
The western gabbroic body was only sampled at one location {sample No.53827, 
grid reference 216341) and is an amphibolite with complex intergrowths of hornblende 
with relict igneous textures. The stubby morphology of these amphibole intergrowths is 
compatible with the pseudomorphic replacement of pyroxene by hornblende. The 
intergrowth texture of the large hornblende blasts possibly reflects re-equilibration of 
initial pseudmorphic amphibole to produce the more stable idiomorphic phases.
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Plagioclase is present as large interlocking grains with straight to curved grain 
boundaries which locally converge to triple point grain contacts. These phases are not 
recrystallised but show local grain boundary modification and growth with entrained 
inclusions of small xenomorphic amphiboles. The plagioclase ranges from labradorite to 
bytownite.
5.3.3 Meta-Granites and Meta-Granodiorites
The granites and granodiorites retain igneous textures but show metamorphism 
with a typical assemblage of quartz-K-feldspar-plagioclase-biotite-epidote-sphene-opaque 
oxides-minor apatite ± homblende-allanite-muscovite-chlorite-tourmaline.
Plagioclase occurs as subhedral laths with epidote and muscovite/sericite alteration. 
Interstitial and locally including the plagioclase is K-feldspar which is generally 
microcline but orthoclase and minor perthite are also recognised. Partial recrystallisation 
of both feldspars is common showing low angle sub grain boundaries associated with 
polygonal recrystallised aggregates together with nucleation of small high angle grains 
along discrete intragrain zones and lobate to serrated grain contacts. Along sheared 
contacts microfracturing and warping of feldspar is common, often with associated 
recrystallisation. Patchy development of microcline in orthoclase may suggest that Al-Si 
ordering is a function of strain within these rocks. A sample from the south eastern 
escarpment of the northern biotite granodiorite (sample No. 53828, grid reference 
610754) body which is inferred to represent a sheared margin shows near complete 
recrystallisation of plagioclase and the microfracturing and related disaggregation and 
partial recrystallisation of K-feldspar. Large laths of muscovite, sericite, chlorite and 
carbonate are mainly associated with the recrystallised plagioclase.
Quartz in all assemblages forms medium to coarse grained aggregates with a varied 
development of serrated grain boundaries. These varied grain contact textures range from 
granoblastic in the most weakly deformed samples to strongly serrated with preferred 
grain boundary orientations within the more sheared samples. All quartz is strained 
showing extinction from weakly undulöse to strongly banded. Recrystallisation has only 
locally occurred showing small grains with high angle boundaries.
Biotite occurs as large xenomorphic plates and as finer grained aggregates within 
the most mafic assemblages with the former containing inclusions of subidiomorphic to 
xenomorphic epidote and sphene. In the more felsic assemblages biotite is sparsely 
distributed as small ragged xenomorphic plates and aggregated masses. Within the 
sheared samples biotite is partially recrystallised and shows localised "fish" development.
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In one sample (sample No. 53828, grid reference 610754) biotite associated with 
muscovite and carbonate in recrystallised plagioclase show partial alteration to chlorite.
Amphibole is only present in the more mafic assemblages of the meta-granites and 
meta-granodiorites as subidiomorphic blasts showing pleochroism from yellowy green to 
greeny brown. It has inclusions of biotite, quartz, epidote and sphene. Large biotites 
show both overgrowth and intergrowth relationships with the amphibole suggesting both 
these phases crystallised together. Epidote is overgrown and included by biotite with 
only fine epidote inclusions recognised within the amphibole. These fine inclusions 
together with local elongate grains form coextensive inclusion trails which transgress 
both phases. Fine grained biotite is also inter grown and locally included by epidote. 
These relationships suggest initial cotemporaneous crystallisation of biotite and epidote 
with subsequent continued crystallisation of biotite and amphibole. Sphene is included 
by all the above phases and locally occurs as skeletal growths defining a box work 
arrangement possibly after breakdown of an earlier ilmenite. These box work sphenes 
are overgrown by biotite, amphibole and epidote.
5.3.4 Two Mica Granodiorite
At Nilsson Rocks a single small pluton of two mica peraluminous granodiorite 
consists of quartz, K-feldspar, plagioclase, biotite, muscovite, garnet, minor apatite, 
opaque oxides and zircon. Plagioclase is present as subhedral crystals with inclusions of 
small garnet and biotite and locally, minor K-felspar exsolution is present along the 
crystal margins. Alteration of plagioclase is weak and generally associated with 
muscovite and only trace epidote. Orthoclase is commonly associated with microcline 
and perfnite and occurs as large anhedral grains which are locally interstitial to the 
plagioclase.
Quartz is interstitial to the plagioclase and locally K-feldspar and typically shows 
strong undulöse and banded extinction with serrated and lobate grain contacts. Where 
quartz contacts plagioclase and K-feldspar the grain boundaries also show intergrown 
lobate to serrated relationships reflecting grain boundary tension modification.
Aggregated plagioclase and K-feldspar appears to be recrystallised and locally cross 
cut large K-feldspar crystals. Gamet has inclusions of, and is also rimmed by biotite. 
These are locally associated with the feldspar aggregates. Similarly associated with the 
aggregated feldspar are large plates of muscovite which include both biotite and garnet 
and represent a late crystallising phase.
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5 .3 .5  M a fic  D y k e s
The mafic dykes at Mount Willing, Nilsson Rocks and Fisher Massif show varying 
assemblages and textures resulting from varying degrees of metamorphism. At Mount 
Willing the dykes show an intergranular igneous texture with clinopyroxene, opaque 
oxides and biotite aggregates interspersed with elongate laths of andesine plagioclase 
(Fig. 5.8a). The plagioclase shows a weak optical zonation. Clinopyroxene occurs as 
subhedral to anhedral granular aggregates which include fine grained opaque oxides and 
are overgrown and locally included by euhedral to subhedral opaque oxides. These 
oxides developed on pyroxene grain contacts are characteristically associated with and 
locally include fine grained aggregates of biotite. This association of late biotite and 
opaque oxides may be related to late magmatic crystallisation/alteration or to a later 
metamorphism.
The Nilsson Rocks dykes show almost identical textures to the dykes of Mount 
Willing but have stubby and often aggregated amphiboles, consistent with the total 
replacement of the clinopyroxene aggregates observed at Mount Willing. This suggests 
these amphibole aggregates represent pseudomorphs of pyroxene (Fig. 5.8b). These 
aggregates are zoned with actinolitic to more aluminous amphibole cores rimmed by 
inclusion free hornblende. Biotite occurs as overgrowths on amphibole and locally as an 
alteration phase. This biotite is commonly partially altered to chlorite. Rare sphene 
occurs in zones where biotite is particularly well developed. Relict igneous plagioclase is
Fig. 5.8 (a) Intergranular texture of elongate laths o f plagioclase with
aggregates o f clinopyroxene and opaque oxides with minor 
over growth o f biotite.
Photomicrograph base length equals 1.2mm.
Thin section No. 19587, Grid reference 264330
(b )  Relict intergranular texture of elongate plagioclase with 
aggregates of amphibole and opaque oxides.
Photomicrograph base length equals 1.2mm.
Thin section No. 19588, Grid reference 564393
(c ) Acicular texture o f elongate subidiomorphic amphiboles 
within a fine grained granoblastic ground mass of 
plagioclase, opaque oxides and chlorite.
Photomicrograph base length equals 1.2mm.
Thin section No. 19589, Grid reference 562666
See Following Page
Chapter 5 Petrography o f the Ultramafic, Mafic, Intermediate and Felsic Assemblages 95
Chapter 5 Petrography o f the Ultramafic, Mafic, Intermediate and Felsic Assemblages 96
texturally unaltered but shows sericitisation and minor epidote and chlorite alteration. 
Similarly the opaque oxides generally preserve a subhedral texture consistent with that for 
the opaque oxides of the Mount Willing dykes.
The dykes on Fisher Massif are totally recrystallised and cannot be texturally 
correlated with the dykes of Mount Willing and Nilsson Rocks. They have an acicular 
texture with elongate laths of subidiomorphic amphibole with inclusions of quartz and 
opaque oxide with a fine granoblastic ground mass of recrystallised plagioclase, opaque 
oxides and chlorite (Fig. 5.8c). Interstitial to and locally overgrowing the amphibole is 
subidiomorphic biotite partly altered to chlorite.
Chapter 6
Amphibole Zonation: Mineral 
Chemistry and Metamorphism
6 .1  INTRODUCTION
Amphibole compositions vary from greenschist to granulite facies in mafic 
gneisses. Many previous studies involved the mapping of mineral compositional 
variations with metamorphic grade through correlations with associated pelitic 
assemblages (Cooper and Lovering 1970, Cooper 1972, Grapes et al. 1977, Corbett and 
Phillips 1981, Laird and Albee 1981a, Jacobson and Sorensen 1986, Raase et al. 1986, 
Hollocher 1991, Schumacher 1991, Begin 1992). Other studies involved experimental 
phase equilibria to constrain and characterise the conditions of amphibole metamorphism 
(Liou et al. 1974, Spear 1981, Apted and Liou 1983, Maruyama et al. 1983, Moody et 
al. 1983). Still other studies deal with zoned amphiboles within the one rock and 
involved identifying and relating the compositional variation through disequilibrium 
reaction with progressive prograde and retrograde metamorphism (Laird and Albee 
1981a, 1981b, Trzcienski et al. 1984, Frimmel and Hartnady 1992).
6 . 1.1 Phase Relations of the Greenschist/Amphibolite 
Boundary
In view of the extremely complex optical and compositional zonation found in the 
amphiboles from the present study, it is necessary to review our current understanding of 
amphibole compositional variations and their possible causes. The greenschist to 
amphibolite facies boundary is characterised by a transition zone in which Al, Ti and Na 
increase from actinolite through to hornblende (Cooper and Lovering 1970, Cooper 
1972, Liou et al. 1974, Harte and Graham 1975, Laird 1980, Laird and Albee 1981a, 
Apted and Liou 1983, Maruyama et al. 1983, Moody et al. 1983, Raase et al. 1986, 
Begin 1992). This change in amphibole chemistry is associated with a modal decrease 
and eventual disappearance of chlorite and epidote, the formation of more calcic 
plagioclase and sphene break down associated with the appearance of ilmenite (Cooper 
1972, Liou et al. 1974, Laird 1980, Apted and Liou 1983, Maruyama et al. 1983, Moody 
et al. 1983, Raase et al. 1986, Begin 1992). The co-existence of both albite and 
oligoclase within the transition zone is attributed by Laird (1980), Maruyama et al. (1983) 
and Begin (1992) to the presence of the peristerite miscibility gap. With further 
increasing grade to the amphibolite facies, plagioclase becomes oligoclase/andesine and 
then remains more or less constant through the amphibolite facies. At the granulite
Chapter 6 Amphibole Zonation: Mineral Chemistry and Metamorphism 98
transition there is further increase in the calcic content due to the break down of 
hornblende (e.g. Raase et al. 1986, Schumacher 1991).
The upper temperature limit of chlorite defines the greenschist to amphibolite facies 
boundary (Cooper and Lovering 1970, Liou et al. 1974, Harte and Graham 1975, Laird 
and Albee 1981a, Apted and Liou 1983, Maruyama et al. 1983, Moody et al. 1983, 
Begin 1992). Progressive metamorphism through the greenschist facies shows that 
chlorite decreases in the Fe/Mg ratio (Cooper 1972, Harte and Graham 1975) and 
increases in Alvi, Aliv and Ti due to an increasing tschermakite substitution (Laird 1980, 
Laird and Albee 1981a, Maruyama et al. 1983). The upper stability of magnesio- 
chamosite of its own composition at 2.07kb is 665°C with fo 2 set by the NNO buffer 
(McOnie et al. 1975). This contrasts significantly with the chlorite out curve for a rock 
system with a predicted temperature of 550°C at the same pressure and buffer.
The Al and Fe3+ contents increase and decrease respectively in epidote with 
increasing metamorphic grade. These changes are commonly recognised as core and rim 
associations which reflect changing fo 2 conditions of metamorphism (Cooper 1972, Liou 
et al. 1974, Laird 1980, Laird and Albee 1981a, Apted and Liou 1983, Moody et al. 
1983).
The sphene out reaction is constrained by Moody et al. (1983) to below 525°C at 2 
and 4kb and at the HM, NNO and IM buffers. Liou et al. (1974) found sphene to be 
common below the chlorite out boundary at 550°C and 2kb Pfiuid a* the QFM buffer, 
while ilmenite prevailed at higher temperatures. Apted and Liou (1983) observed trace 
amounts of sphene at 575°C in samples run at 7kb Pfiuid at the NNI buffer, with only 
ilmenite present at 600°C. Ilmenite was also present after sphene at 525°C and 5kb Pfiuid 
at the NNI buffer and at 600°C and 7kb Pfiuid at the HM buffer. All the above results are 
consistent with a sphene breakdown reaction associated with the chlorite out reaction 
marking the high temperature greenschist facies boundary. However Spear (1981) 
recorded sphene to be present at higher temperatures at the WM, QFM and HM buffers 
from both basaltic and amphibolite starting assemblages. Moody et al. (1983) reject the 
value of these findings by Spear (1981) on the grounds of the poorly constrained stability 
of sphene in the absence of reversal experiments or SEM work.
Maruyama et al. (1983) showed that the relationship between the appearance of 
oligoclase and hornblende is pressure dependant with albite and hornblende occurring at 
higher pressures and oligoclase and actinolite occurring at the start of the transition zone 
at low pressures in assemblages with excess quartz, chlorite and epidote. Liou et al. 
(1974) showed that at the QFM buffer, epidote has a gentle breakdown curve relative to a
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much steeper breakdown curve for chlorite. Thus at pressures greater than approximately 
3kb with Pfluid less than Ptotai, epidote is stable in an assemblage with hornblende and 
albite in the epidote amphibolite facies until the reaction of epidote and albite to produce 
oligoclase of the amphibolite facies. Below 3kb epidote breaks down at a lower 
temperature than chlorite (Fig. 6.1). These findings of Liou et al. (1974) are consistent 
with the low pressure facies series described by Laird (1980) where oligoclase formed in 
the biotite zone rather than in the garnet zone and epidote was poorly developed or absent 
in the assemblage.
Fig. 6.1 Pressure and temperature diagram showing the experimentally 
determined positions o f the chlorite out and epidote out 
reactions at the f o 2 buffers of NNO and QFM, as presented in 
Apted et al. (1983). Note the different slopes of the chlorite out 
and epidote out reactions so that at pressures greater than c. 3kb 
chlorite will disappear before epidote defining the epidote 
amphibolite facies.
Liou et al. (1974) constrained a transition zone with the assemblage of plagioclase, 
actinolite and chlorite to between 475°C and 550°C. However the size of the transition 
zone depends on fo 2. At more oxidised conditions with hematite and epidote, the 
transition zone is around 50°C, but with more reduced conditions it is around 150°C 
(Liou et al. 1974, Moody et al. 1983). The experimentally derived stability of chlorite and 
amphibole as a function of fo2, temperature and pressure is shown in Figure 6.2 for a
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chlorite-decreasing/amphibole-increasing surface and a chlorite out surface. It can be 
seen that the thermal stability of coexisting chlorite and amphibole (i.e. the 
greenschist/amphibolite transition) decreases with increasing fo2 and decreasing pressure 
until chlorite breaks down to amphibole without any transition zone.
(kbars)
300  350  400  450  500  550 600
T(°C)
Fig. 6.2 A representation of the P-T-fo2 associations of the chlorite 
decreasing!amphibole increasing surface (shaded) and the 
chlorite out surface (lined). From Moody et al. (1983),Figure 11.
6 . 1 . 2  AMPHIBOLE ZONATION AND CHEMISTRY
Mineral chemistry and zoning relationships of amphiboles have been shown to be 
sensitive to changing conditions of metamorphism (eg. Leake 1965, Cooper and 
Lovering 1970, Graham 1974, Harte and Graham 1975, Brown 1977, Grapes et al. 
1977, Corbett and Phillips 1981, Laird and Albee 1981a, 1981b, Spear 1981, Trzcienski 
et al. 1984, Jacobson and Sorensen 1986, Raase et al. 1986, Hollocher 1991, Frimmel 
and Hartnady 1992). The transition from greenschist facies to amphibolite facies 
involves a well documented jump in calcic amphibole composition from actinolite/ 
tremolite to hornblende (see above references) and with increasing pressure a 
composition change from actinolite/tremolite to more sodic amphiboles (Laird and Albee 
1981b, Jacobson and Sorensen 1986). The breakdown of amphibole at the 
amphibolite/granulite boundary is documented experimentally and with natural 
assemblages for example by Spear (1981), Raase et al. (1986), Hollocher (1991) and 
Schumacher (1991).
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At the greenschist-amphibolite transition zone the coexistence of actinolite/tremolite 
with hornblende has variously been attributed to incomplete equilibrium reaction (Graham 
1974, Grapes 1975, Grapes et al. 1977, Grapes and Graham 1978, Laird and Albee 
1981a, 1981b, Frimmel and Hartnady 1992) or a miscibility gap (Hallimond 1943, Klein 
1969, Cooper and Lovering 1970, Misch and Rice 1975, Tagiri 1977, Arai and Hirai 
1985, Oba 1980, Begin 1992). The presence o f a miscibility gap between calcic 
amphibole and Fe-Mg amphiboles is also well documented (Klein 1968, Robinson et al. 
1982, Stout 1972).
The presence o f miscibility gaps have been invoked to explain the common 
compositional jumps between coexisting amphiboles (Hallimond 1943, Klein 1968, 
Klein 1969, Cooper and Lovering 1970, Stout 1972, Misch and Rice 1975, Tagiri 1977, 
Oba 1980, Arai and Hirai 1985, Begin 1992). For actinolite (tremolite)-hornblende pairs 
the compositional jump is a function of increasing Alvi, Aliv, Na and Fe2+/Mg ratio with 
a concomitant decrease in Si ie. a combination of tschermakite and edenite substitutions. 
Arai and Hirai (1985), in a study of calcic amphiboles from metabasites of the Mineoka 
belt in central Japan found the compositional gap between actinolite and hornblende to 
decrease with increasing crossite and cummingtonite content. This reduction in the 
compositional gap was related to increasing pressure by comparison with amphibole 
compositions from other terranes. In an experimental study of the tremolite - pargasite 
join Oba (1980) demonstrated the presence of a solvus at lkb between Tr9o Paio and 
Trio Pa90 at 800°C and at 5kb complete solid solution between Tr85 P a l5 and Tro Pajoo 
at 850°C. These studies are consistent with restriction o f a miscibility gap to low  
pressures but the position and size of which depends on the Fe0 /Fe203  and Fe/Mg ratios 
respectively (Tagiri 1977, Oba 1980).
Robinson et al. (1982) discussed a situation where, during progressive 
metamorphic amphibole growth, at the instant o f intersection of the miscibility gap the 
core and new rim composition will be in equilibrium. With increasing metamorphism the 
earlier core will no longer be in equilibrium with the later rim or groundmass amphiboles, 
but a chemically sharp discontinuous phase boundary is preserved.
Miscibility gaps between calcic amphiboles and cummingtonite may be described in 
terms of the amount of cummingtonite substitution (Mn, Mg, Fe2+ (M4) <=> Ca(M4)) 
within a calcic amphibole (actinolite or hornblende). This miscibility gap is a 
compositional discontinuity in the M4 site and a function of the size difference between 
Ca and Mn, Fe2+ or Mg (Robinson et al. 1982). The presence o f a miscibility gap is 
indirectly demonstrated by the absence of intermediate compositions between the two co­
existing amphibole series (Klein 1968, Robinson et al. 1982).
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In a recent TEM and analytical electron microscope study, Smelik et al. (1991) 
showed the presence of coarse cummingtonite exsolutions in amphiboles with bulk 
compositions ranging from actinolite to magnesio-hornblende. Interstitial to the 
cummingtonite they identified a pervasive fine "tweed textured" exsolution microstructure 
of actinolite and hornblende with a lamellae thickness ranging from 5-15nm. These fine 
exsolutions represent the first conclusive evidence for the presence of an actinolite- 
homblende miscibility gap.
Graham (1974), Grapes (1975) and Grapes and Graham (1978) interpret co­
existing actinolite and hornblende as a disequilibrium relationship. Grapes and Graham 
(1978) argued the commonly invoked presence of a solvus and or miscibility gap 
between the actinolite - hornblende series may be "better ascribed to disequilibrium and 
kinetic factors, and to abrupt or discontinuous changes in the composition of, or in the 
appearance or disappearance of, other phases involved at the proposed reactions at the 
actinolite - hornblende transition".
The commonly cited large gap in composition and the often sharp contacts between 
the phases, particularly between zonal or irregular patchy associations was related to a 
series of inter dependant reactions involving amphibole, plagioclase, epidote and chlorite 
(Grapes and Graham 1978). These reactions result in the disappearance of epidote and 
chlorite the latter first becoming more Mg rich with a concomitant increase in the Fe/Mg 
ratio in amphibole and the rapid production of more calcic plagioclase with an associated 
increase in Al in amphibole consistent with an abrupt compositional change from 
actinolite to hornblende (Grapes and Graham 1978). The sluggish nature of amphibole 
reactions at low P and T (Liou et al. 1974, Oba 1980) favour disequilibrium during 
progressive metamorphism (Graham 1974, Grapes 1975, Grapes and Graham 1978). 
Thus the zoned nature of many calcic amphibole pairs is considered by these authors to 
be characteristic of disequilibrium with actinolitic cores representing a relic lower grade 
phase during prograde metamorphism. In addition, the compositional variation of 
amphibole, particularly of homogeneous phases from the same metamorphic grade, 
which plot across the compositional gap between actinolite and hornblende (Grapes and 
Graham 1978, Moody et al. 1983) is not consistent with the presence of a miscibility 
gap.
Despite arguments against the presence of a miscibility gap by Graham (1974), 
Grapes (1975) and Grapes and Graham (1978), the experimental results of Oba (1980) 
and TEM/electron microscopic study by Smelik et al. (1991) demonstrate the existence of 
a calcic amphibole miscibility gap which is not well constrained in P-T space. Whether 
co-existing amphiboles represent miscibility or disequilibrium recrystallisation maybe
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determined from textural relationships. As evidence for the presence of miscibility 
Grapes and Graham (1978) accept the development of separate homogeneous coexisting 
grains or the development of exsolution lamellae, the latter generally so fine grained they 
are difficult if not impossible to identify optically. Thus in this thesis it is considered that 
zonation o f co-existing amphiboles is a result o f disequilibrium recrystallisation with 
changing metamorphic conditions.
Amphiboles have been used as indicators of metamorphic grade in a number of 
terranes (eg. Leake 1965, Cooper and Lovering 1970, Graham 1974, Harte and Graham 
1975, Brown 1977, Grapes et al. 1977, Corbett and Phillips 1981, Laird and Albee 
1981a, 1981b, Spear 1981, Trzcienski et al. 1984, Jacobson and Sorensen 1986, Raase 
et al. 1986, Hollocher 1991, Frimmel and Hartnady 1992). However there are problems 
in attributing composition and compositional variation of amphibole to just metamorphic 
grade. Aside from the possible presence of a miscibility gap encountered during 
progressive growth, there are also problems of bulk rock compositional control on 
mineral assemblages and mineral compositions.
Laird (1980) and Laird and Albee (1981a) proposed that amphibole composition 
can only be a reliable indicator of metamorphic grade if it is part of the common 
assemblage: amphibole + chlorite + epidote + plagioclase + quartz + Ti phase ± carbonate 
± K mica ± Fe^+ oxide. The composition of amphibole buffered by this assemblage is a 
function of metamorphic grade rather than bulk rock composition (Laird and Albee 
1981a). However the common assemblage of Laird (1980) and Laird and Albee (1981a) 
is a common assemblage in the greenschist to transitional amphibolite facies. A common 
assemblage of the amphibolite facies is therefore amphibole + andesine + ilmenite + 
quartz (Moody et al. 1983).
Spear (1982) demonstrated the compositional variability of amphibole in a range of 
bulk rock types from a single P-T terrain, though he did concede that samples with the 
common assemblage of Laird (1980) and Laird and Albee (1981a) showed a more 
restricted compositional variation. This emphasises the problem of interpreting 
amphibole compositional variation purely as a function of metamorphism without due 
consideration to the effect of bulk rock composition.
Another aspect which may influence amphibole compositions particularly with 
zoned phases is the pseudomorphic replacement of igneous pyroxene or olivine by 
amphibole. Where igneous zoning is present in pyroxene particularly in Al, calcic 
amphibole may well mimic the Al pyroxene zonation. This is a result of the slow
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diffusion of A1 which unless demonstrated otherwise may lead to erroneous metamorphic 
interpretations.
Raase (1974) in a comparative study of hornblendes from low and high pressure 
terranes found Alvi to increase with increasing pressure and concluded that only above c. 
5kb did hornblende form with the maximum possible Alvi. The Ti content of amphibole 
was temperature dependent, increasing from upper greenschist-epidote amphibolite facies 
to the hornblende granulite facies.
Laird and Albee (1981a) distinguished by comparison, the amphibole composition 
between the high pressure, the medium pressure and, the low pressure terranes. In 
addition to their own findings in the Vermont metamorphic terrain, they concluded that 
the A1 and Na contents of amphibole within the common assemblage are dependant on the 
pressure of metamorphism. These results are consistent with the findings of Raase 
(1974). However there is considerable overlap in the data, particularly between the 
medium and low pressure facies series making the discrimination potential of amphiboles 
between these terranes unreliable (see Hynes 1982).
Hynes (1982) in a study of amphiboles from low and medium pressure terranes 
showed there to be no systematic variation in NaA, NaM4, A1 or Alvi or Mg/Fe between 
the two pressure series though the glaucophane component (NaM4) does increase in 
amphiboles of the high pressure metamorphic series. Hynes (1982) does point out that 
data from low and medium pressure terranes collected through the same laboratory may 
not adhere to the above conclusions in regard to the lack of systematic variation of NaA, 
NaM4, A1 or Alvi. However Hynes (1982) found that Ti showed a systematic decrease 
from low pressure to medium pressure terranes and also reasoned that all reactions in the 
production of Ti amphibole involve dehydration and thus would be expected to have a 
positive slope in P-T space and favour Ti substitution with increasing temperature.
Another aspect highlighted by Brown (1977) is the dependence of A11V on Fe2+/Mg 
in addition to temperature. As a result of this Fe2+/Mg dependence o f A11V, Mg-richer 
actinolite and tremolite are stable with chlorite to higher temperatures than more Fe-rich 
actinolite (Brown 1977). Thus bulk rock AI2O3 and FeO/MgO compositions may have 
implications for the P-T dependence of the buffered common greenschist facies 
assemblage (Hynes 1982).
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6 .2  AMPHIBOLE ZONATION AT FISHER MASSIF
Amphiboles within the Fisher Terrane range from optically homogeneous grains to 
zoned two phase assemblages within the mafic series and to more complexly zoned two 
phase assemblages in the ultramafic series. The most common and extensive amphibole 
coexistence is between calcic amphiboles. Minor coexistence between calcic amphibole 
and Fe-Mg amphibole occurs locally as core rim associations within intermediate 
assemblages and in the Mount Willing meta-gabbro Complex associated with the break 
down of olivine. In the hornblende granulite zone, calcic amphiboles are homogeneous.
Amphibole zonation within the mafic series is characterised by a simple core to rim 
association with both sharp and gradational zone contacts (Fig. 6.3). The former are 
typically parallel to the grain margin. Within the ultramafic series these zonation
a b
Fig. 6.3 (a) Gradational zonation of amphibole, highlighting its patchy
and irregular nature. Progressively darker green areas 
correspond to more aluminous amphibole.
Photomicrograph base length equals 1.1mm.
Thin section No. 19579, Grid reference 570698
( b ) Sharp zonation within amphibole representing the
overgrowth of new idiomorphic hornblende on a pre­
existing idiomorphic actinolite.
Photomicrograph base length equals 0.6mm.
Thin section No. 19590, Grid reference 570698
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relationships are associated with internal alteration and or zonation (Fig. 6.4a). The latter 
are characterised by an irregular and often patchy zonation within a grain with a general 
tendency to zone toward the outer margins of the grain and locally grade into sharp 
zonation contacts in some assemblages. Localised idiomorphic amphibole, characteristic 
of new crystallised phases, also shows actinolite-magnesio hornblende zonation 
characterised by gradational and sharp zone boundaries as described above (Fig. 6.4b)
Fig. 6.4 (a) A zoned ultramafic amphibole blast showing both sharp and
gradational zone contacts. The blue (actinolite) along the 
grain margins and associated with internal zonation and 
recrystallisation shows a sharp zone contact relationship 
with the purple and red brown zones which represent 
increasingly more aluminous amphibole respectively. The 
zone contacts between the purple and red brown zones are 
irregular and gradational but show relict areas with sharp 
contacts (along the bottom right grain margin). The purple 
zonation represents partial re-equilibration o f the red 
brown hornblende zone prior to actinolite re-equilibration.
Photomicrograph base length equals 1.8mm.
Thin section No. 19576, Grid reference 552657
(b ) Zoned metamorphic amphibole showing hornblende (yellow 
orange) and actinolite (pink).
Photomicrograph base length equals 1.1mm.
Thin section No. 19577, Grid reference 466576
Chapter 6 Amphibole Zonation: Mineral Chemistry and Metamorphism 107
Amphibole zonation of the ultramafic series is considerably more complex than of 
the mafic series. Zonation is characterised by up to four distinct amphibole associations 
which alternate from actinolitic (marginally tremolite) to magnesio hornblende 
compositions. Figure 6.5a summarises the type and classification of this complex 
zonation accompanied by photomicrographs of examples shown in Figures 6.5b to d. 
Zonation diagrammatically represented within Figure 6.5a is only developed within the 
pseudomorphic amphiboles phases.
Fig. 6.5 (a) Diagrammatic representation classification of amphibole
zonation within the ultramafic rocks. Classifications 1-3 
are exemplified by photomicrographs (b-d).
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The most common zonation is a hornblende core (inner hornblende zone) with a 
sharp to diffuse rim of actinolite (outer actinolite zone) (classification 4, Fig. 6.5a) set in 
a fine groundmass with actinolite. A localised outer hornblende zone rims the outer 
actinolite zone as thin, marginal, re-equilibrated rims and, minor overgrowth rims 
associated with a sparse groundmass phase and local recrystallised fibrolitic phases 
(classification 2 and 3, Fig. 6.5a and c-d). Only in one sample was an inner actinolite 
zone recognised. This amphibole has an idiomorphic morphology with three internal 
zones from an actinolite core (inner actinolite zone) through hornblende (inner hornblende 
zone) to an outer zone of actinolite (outer actinolite zone) (classification 1, Fig. 6.5a and 
b).
Fig. 6.5 (b ) Classification 1: A sub idiomorphic blast showing a short
stubby habit. The zonation is sharp and irregular possibly 
representing overgrowth phases from a core o f actinolite 
which is rimmed first by hornblende and then a second 
actinolite phase.
Photomicrograph base length equals 0.9mm.
Thin section No. 19591, Grid reference 552657
(c) Classification 2: Zonation is characterised by sharp contacts 
with magnesio hornblende (red to golden brown) rimmed
by actinolite (blue). The purple within the actinolite is 
magnesio hornblende. Note the internal zonation with 
recrystallised chlorite and actinolite which are associated 
with zoned and recrystallised cleavage surfaces. The 
groundmass comprises recrystallised hornblende and 
ch lorite .
Photomicrograph base length equals 1.9mm.
Thin section No. 19577, Grid reference 466576
(d) Classification 3: (da) Large magnesio hornblende blast with 
an inclusion of a smaller blast of the same composition 
showing a different crystallographic orientation. Under 
plane light (db), actinolite (colourless zonation) is shown to 
rim the magnesio hornblende o f the large blast and 
transects into the included phase showing a polygonal 
morphology. An outer magnesio hornblende rim on the 
large magnesio hornblende shows both diffuse and sharp 
contacts representing re-equilibration and overgrowth 
re sp e c tiv e ly .
Photomicrograph base length equals 1.9mm.
Thin section No. 19592, Grid reference 570698
See Following Page
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Sharp zonation in some ultramafic assemblages defines an internal polygonal to 
lozenge shaped morphology which suggests a crystallographic control on zonation (Fig. 
6.6). This zonation is always the outer actinolite zone which is commonly associated 
with recrystallised cores of fine grained actinolite and chlorite. These internally zoned 
regions are commonly developed along zoned cleavage surfaces which locally are partly 
recrystallised (see Fig. 6.5c). The zonation association along cleavage and the apparent 
crystallographic control on internally localised zones suggests fluid ingress facilitated re­
equilibration. The absence in many of these internally zoned areas of an A1 sink in the 
form of new crystallised A1 rich phases and the common patchy and irregular zonation 
present in amphiboles of both mafic and ultramafic assemblages suggest fluid-rock
a b
Fig. 6.6 Internal crystal zonation and alteration of aluminous amphibole.
(a) Lozenge morphology of the zonation approximates that of 
idiomorphic amphibole indicating a strong crystallographic 
control on the zonation.
Photomicrograph base length equals 1.2mm.
(b) Rounded polygonal morphology of intracrystal zonation.
Note the strong cleavage control of later alteration. The 
yellow is actinolitic in composition with progressively more
aluminous amphibole represented by light blue through to
the dark blue birefringent colours.
Photomicrograph base length equals 1.4mm.
Thin section No. 19577, Grid reference 466576
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reactions involving tschermakite and pargasite substitutions were a major factor in re­
equilibration and zonation. Recrystallised actinolite and lesser chlorite in the cores of 
some larger internally zoned areas within the ultramafic amphiboles (e.g. Figs 6.4a, 6.5c, 
6.6a) represent either the destabilisation and break down of the amphibole structure 
resulting from inefficient fluid-rock tschermakite and pargasite reaction or 
recrystallisation of actinolite and crystallisation of chlorite from fluid at the focus of fluid 
ingress.
These zonation textures are considered to represent part of a continuum with end 
member associations of: (1) an actinolite core with a sharp overgrowth of hornblende 
representing disequilibrium overgrowth with no reaction or re-equilibration of the early 
actinolite and (2) reaction of actinolite to a homogeneous hornblende phase representing 
complete equilibration. Most amphibole zonation in the mafic and ultramafic assemblages 
is characterised by partial re-equilibration of existing grains with only minor overgrowth 
of newly crystallised amphibole.
6 .3  CHEMISTRY OF THE AMPHIBOLE ZONATION
6.3.1 Characterising Amphibole Composition
Compositional variations of amphiboles are characterised in terms of substitutions 
or exchange components relative to an actinolite/tremolite additive component 
representing vector displacements in compositional space (see Thompson et al. 1982, 
Fig. 1). The primary independent end member substitutions or exchange components 
from which compositional variations in calcic amphiboles may be represented are (□ 
indicates a vacant site):
(NaA, K),A1'V <=> □  Si Edenite substitution 6.1
(Alv>, Fe3+, 2Ti, Cr),Aliv <=> (Fe2+, Mg, Mn),Si Tschermakite substitution 6.2
NaM4, Si »  Ca, Aliv Plagioclase substitution 6.3
together with exchange substitutions:
NaA <=> K 6.4 Fe3+ <=s> A1V1 6.9
2Ti <=> AlviMg 6.5 Fe2+Ti <^> Fe3+ 6.10
Cr Alvi 6.6 Cr o  Fe3+ 6.11
Fe2+ Mg 6.7 Mn <=> Mg 6.12
Mn <^> Fe2+ 6.8
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A combination of the primary independent substitutions gives coupled substitutions, for 
example:
(1) +(2) ( N a \  K), (Alvi, Fe3+, Ti, Cr),2Aliv □  (Fe2+, Mg, Mn),2Si 6.13
Pargasite substitution
(2) +(3) NaM4, (Alvi, Fe3+, Ti, Cr) <^> Ca, (Fe2+, Mg, Mn) 6.14
Glaucophane substitution
It is appropriate here to emphasise the importance of using a single normalisation 
scheme for calculating calcic amphibole structural formulae. A typical analysis with all 
Fe as FeO or Fe2 Ü 3 is probably less correct than a normalised analysis given crystal 
chemical limits as far as approaching a "true” composition. By using a single 
normalisation scheme (see appendix 2), all calcic amphiboles on a comparative basis are 
internally consistent which is particularly important in terms of calculated Fe2+ and Fe3+ 
values.
6.3 .2  Chemistry and Zonation of the M afic Series Amphiboles
The compositions of these amphiboles from core to rim show a systematic variation 
in Aliv Alvi+Fe3++Ti+Cr and NaA+K which is attributed to a coupled pargasite and 
tschermakite substitution NaA, 2Alvi, 3A11V <=^  □  2Mg, 3Si. The core to rim 
compositional variation trends of (1) Alvl+Fe3++Ti+Cr vs A11V (Fig. 6.7a), (2) NaA+K 
vs Alvi+Fe3++Ti+Cr (Fig. 6.7b) and (3) NaA+K vs Aliv (Fig. 6.7c) approximate slopes 
of 0.66, 0.5 and 0.33 consistent with the expected ratios for a coupled pargasite and 
tschermakite substitution of 2A1V1: 3A11V, lNaA : 3A11V and lN aA : 2Alvi respectively.
Groundmass amphiboles consistently plot within the field of the more evolved rim 
compositions. Plots with NaA+K on the ordinate axes (Figs. 6.7b and 6.7c) show a 
wide scatter, which in the groundmass data is more pronounced compared with the 
restricted data trend on the plot, Alvi+Fe3++Ti+Cr vs Aliv (Fig. 6.7a). This may be 
attributed to a minor edenite substitution overprinted on the major coupled pargasite and 
tschermakite substitutions.
In Figure 6.7d the relationship of Aliv vs (Na+K)A+Alvi+Fe3++Ti (adapted from 
Spear 1981, Figure 8) has a slope of 1 consistent with the complete coupling of A site 
and R(vi) cations with Aliv.
A comparison of plots Alvi+Fe3++Ti+Cr vs Aliv (Fig. 6.7a) and NaA+K vs 
Alvl+Fe3++Ti+Cr (Fig. 6.7c) with those of Figure 6.8a: A1V1 vs A11V and Figure 6.8b: 
NaA+K vs A1V1 shows the latter plots to reflect a pargasite substitution without the
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Fig. 6.7 Formula proportion diagrams (a, b and c) showing the
compositional variation of Alvi+Fe^ ++Ti+Cr, NaA+K and Aliv 
between core, rim and groundmass data for zoned calcic 
amphiboles within the mafic assemblages. The solid lines 
bound the composition fields for rim and groundmass data, (d) 
shows the systematic relationship between Aliv and 
(Na+K)A+Alvi + Fe3 + +Ti. See text for detailed discussion.
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coupled tschermakite substitution. Core to rim slopes approximate 0.5 and 1 representing 
ratios of 1A1V1: 2A11V and lNaA+K : 1A1V1 respectively. The scatter of NaA+K in Figure 
6.8b is also pronounced in these plots when compared with the more restricted data 
trends on the Alvl vs A11V plot (Fig. 6.8a). Again there is more scatter in the groundmass 
data than in the rim data.
The change in the core to rim trend between Figures 6.7a and 6.8a indicates the 
tschermakite component of the coupled tschermakite and pargasite trend in Figure 6.7a 
involves an Fe3+, Ti tschermakite component.
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Fig. 6.8 Formula proportion diagrams (a and b) showing the
compositional variation of Alvi, NaA +K and Aliv between core, 
rim and groundmass data for zoned calcic amphiboles within the 
mafic assemblages. The solid lines bound the composition 
fields for rim and groundmass data. Ornamentation and end 
member abbreviations are the same as for Figure 6.7. See text for 
detailed discussion.
In a plot of Fe3+ vs Aliv (Figs. 6.9a) the majority of core data and all rim data show 
an elevated flat trend indicating a decoupling of Fe3+ from Aliv. In the least evolved core 
data lower Fe3+ contents possibly reflect this tschermakite coupling of Fe3+ (Fe3+, Aliv 
<=> Mg, Si).
The main core to rim trend of Ti vs Aliv show a minor coupling of Ti with Aliv. A 
slope of 0.5 for a high Ti trend in Figure 6.9b is consistent with an expected Ti 
tschermakite substitution of Ti, 2Aliv <=> Mg, 2Si. However these high Ti values are not 
recognised within the rim or groundmass data and are only represented within two 
samples and, probably reflect a relict igneous or early metamorphic feature.
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Fig. 6.9 Formula proportion diagrams showing the compositional
variation of (a) Fe3+ and (b) Ti against Aliv between core, rim 
and groundmass data for zoned calcic amphiboles within the 
mafic assemblages. The solid lines bound the composition 
fields for rim and groundmass data. Ornamentation and end 
member abbreviations are the same as for Figure 6.6. See text for 
detailed discussion.
Minor glaucophane (NaM4)and cummingtonite ([Mn, Fe2+, Mg]M4) components 
are also present in addition to the main coupled pargasite and tschermakite substitutions 
(see Appendix 5 for mineral chemistry data).
To summarise, the core to rim compositional variation of the mafic series 
amphibole is principally characterised by a coupled pargasite and tschermakite 
substitution with minor overprinting by an edenite substitution. Very minor glaucophane 
and cummingtonite components are also present. The pargasite substitution shows 
complete coupling with Alvi while it is suggested that the tschermakite substitution is 
principally coupled with Fe3+ (compare plots in Figs 6.7a and 6.8a). An elevated flat 
core to rim trend of Fe3+ shown in Figure 6.9a indicate a decoupling from the 
tschermakite at more evolved compositions.
6.3.3 Complex Zonation of the Ultramafic Series Amphiboles
The ultramafic amphiboles show distinct compositional trends which enable 
discrimination between the inner and outer zones. The most distinct characteristic of the 
inner actinolite zone is the relatively high Cr (up to 0.078fpu) compared with typical 
values of 0.01-0.02fpu for the outer actinolite zone. Flowever only for the outer actinolite 
zone is there enough data to reliably characterise the substitutions associated with the
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compositional variation. These data on a plot of Alv,+Fe3++Ti+Cr vs A11V (Fig. 6.10a) 
show a prominent trend approximating a coupled pargasite and tschermakite substitution. 
However on a plot of NaA+K vs Alvi+Fe^++Ti+Cr (Fig. 6.10b), a predominant 
tschermakite substitution is shown with only minor data showing a coupling with 
NaA+K.
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Fig. 6.10 Formula proportion diagram showing the compositional 
variation of (a) Alvi + Fe3+ +Ti+Cr vs A fv and (b) Na^+K vs 
A lvi + Fe3 + +Ti+Cr between inner and outer actinolite and 
hornblende zones and groundmass data for zoned calcic 
amphiboles within the ultramafic assemblages. The solid lines 
bound the composition fields for the inner and outer hornblende 
zone data. See text for detailed discussion.
Where Alvi is plotted without Fe3+, Ti or Cr (Figs. 6.11a and b) only a pargasite 
trend is shown The absence in Figures 6.1 la  and b of the tschermakite component from 
the coupled pargasite and tschermakite trend in Figure 6.10a and b indicates the pargasite 
component is coupled with Alvi and the tschermakite component involves tschermakite 
substitutions primarily with Fe3+, Ti and Cr.
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Fig. 6.11 Formula proportion diagram showing the compositional
variation of (a) Alvi vs ATV and (b) Na^+K  vs Alvi between inner 
and outer actinolite and hornblende zones and groundmass data 
for zoned calcic amphiboles within the ultramafic assemblages. 
The solid lines bound the composition fields for the inner and 
outer hornblende zone data. Ornamentation and end member 
abbreviations are the same as for Figure 6.10. See text for 
detailed discussion.
Both the inner and outer hornblende zone data show coupled pargasite and 
tschermakite trends (Figs 6.10a and b). At the more evolved compositions the outer 
hornblende zone show a flattening trend in Figure 6.10a which may be attributed to a late 
edenite substitution as is suggested by the vertical NaA+K trend in Figure 6.10b.
In the same plots except with the Fe3++Ti+Cr components not considered (Fig. 
6.1 la  and b) the compositional spread of the hornblende data is more restricted. Both the 
inner and outer hornblende zones show a pargasite trend at lower Aliv and NaA+K 
contents (Figs. 6.11a and b). The decoupling of NaA+K from A1V1 at more evolved 
compositions within the outer hornblende zone show the same trends as in Figures 6.10a 
and b though better defined.
The groundmass data is closely associated with the outer actinolite and outer 
hornblende zone typically complementing the data trends (Figs. 6.10a and b, and 6.11a 
and b). This association is consistent with the textural relationships of the actinolite and 
hornblende groundmass representing an equilibrium recrystallised groundmass to the 
outer actinolite and hornblende zones respectively.
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On an Fe3+vs Aliv plot (Fig. 6.12) the outer actinolite zone data show a scattered 
ferri tschermakite trend from the origin. This apparent tschermakite compositional trend 
is consistent with the coupling of Fe3+ to the tschermakite component identified in the 
above comparison of Figures 6.10 and 6.11. The outer hornblende zone data show an 
elevated flat trend similar to the Fe3+ decoupled relationship shown for the mafic series in 
Figure 6.9a. In contrast the inner hornblende data show a widely scattered flat elevated 
trend. Ti and Cr contents are minor and generally show a small increase in abundance at 
more evolved compositions (see Appendix 5 for mineral chemistry data).
Ferri Tsch
Fig. 6.12 Formula proportion diagram showing the compositional
variation of Fe^Jr against ATV between inner and outer actinolite 
and hornblende zones and groundmass data for zoned calcic 
amphiboles within the ultramafic assemblages. The solid lines 
bound the composition fields for the outer hornblende zone data. 
Ornamentation and end member abbreviations are the same as 
for Figure 6.10. See text for detailed discussion.
Only minor glaucophane component (NaM4) is present in both the inner and outer 
amphibole zones (see Appendix 5 for mineral chemistry data).
In summary, the compositional variations in amphibole zonation shows the inner 
and outer zones to be distinct in terms of the substitutions involved in the evolution of 
their composition. The inner actinolite zone may be distinguished by a greater chrome 
component. The inner hornblende zone is characterised by an Alvi pargasite trend 
coupled with a minor Fe3+ tschermakite component. The outer actinolite zone is 
characterised by an Fe3+ tschermakite substitution coupled with a minor Alvi pargasite 
substitution. The outer hornblende zone is also characterised by an initial coupled 
pargasite and tschermakite substitution involving A1V1 which is completely decoupled
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from Fe3+. At more evolved compositions a late edenite substitution becomes 
predominant.
6 .3  MET AMORPHIC EVOLUTION AND AMPHIBOLE 
COMPOSITION
6 . 3.1 Metamorphism and Development of Amphibole Zonation
Amphibole zonation may be attributed to: (1) partial re-equilibration through 
substitutions associated with continuous and discontinuous reactions, (2) reactions 
producing new amphibole involving the disappearance of chlorite, epidote and sphene 
and the production of more calcic plagioclase, pargasitic to tschermakitic hornblende and 
ilmenite, (3) pseudomorphing of an originally zoned pyroxene and or; (4) encountering a 
miscibility gap during progressive growth with increasing metamorphic grade as outlined 
by Robinson et al. (1982).
Distinction between the first and second scenarios may be impossible to 
demonstrate petrographically in some crystals with sharp regular zone contacts. The 
large stubby amphibole blasts which are typically zoned have been interpreted as 
representing pseudomorphs of pyroxene (see Chapter 5 section 5.2.1). Thus scenario 4 
is not considered likely to account for the amphibole zonation.
Textures within these pseudomorphic blasts are consistent with amphibole zonation 
resulting through metamorphic disequilibrium and overgrowths (scenarios 1 and 2). This 
is demonstrated by zonation developed within large metamorphic phases (see Fig. 6.4b) 
and by zonation developed within pseudomorphic blasts which is continuous across 
intergrown and included pseudomorphic amphibole phases, indicating the zonation to be 
post inclusion and therefore not of primary igneous origin (see Fig. 6.5d). Similarly the 
commonly developed zonation along amphibole cleavage indicates zonation to have 
developed after the initial pseudomorphing of amphibole (see Fig. 6.6b).
The chemical variation recognised across the zoned amphiboles cannot be discussed 
in terms of their present rock assemblage. Unlike studies which involve characterising 
phase equilibria across progressively metamorphosed terrains (eg. Begin 1992, Cooper 
1972, Cooper and Lovering 1970, Corbett and Phillips 1981, Grapes et al. 1977, 
Hollocher 1991, Jacobson and Sorensen 1986, Laird and Albee 1981a, Raase et al. 
1986, Schumacher 1991), this study characterises metamorphism through disequilibrium 
zonation of amphiboles. As such the current assemblage may only be in equilibrium with 
the outer most amphibole zone within a given assemblage. However the composition of 
amphibole within the disequilibrium zonation reflects the earlier metamorphic history.
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Textures within the pelitic assemblages (discussed in Chapter 4) indicated two 
separate metamorphic episodes affected the terrane. The mafic suite show little textural 
evidence for two metamorphic episodes. However in a more intermediate composition 
sample (sample No. 53822, grid reference 570698), groundmass chlorite defines an S\ 
foliation which is crenulated by S2 . The S\ foliation is truncated by Mi hornblende 
which has been deformed by the S2 crenulation (Fig. 6.13a). A second undeformed M2 
chlorite is overgrown on the matted crenulated chlorite and the hornblende is rimmed by 
M2 cummingtonite which similarly shows no deformation (Fig. 6.13b). In areas where 
chlorite is absent from the groundmass, only idiomorphic cummingtonite is present 
suggesting a hornblende-chlorite reaction such as:
hornblende + chlorite + quartz = cummingtonite + plagioclase + H2O 6.15
The constraint of an Mi chlorite, hornblende association predating a second deformation 
which is overprinted by a second M2 metamorphic assemblage of secondary chlorite and 
cummingtonite without associated deformation compares favourably with similar 
metamorphic associations within the pelitic assemblages discussed in chapter 4.
In contrast to the actinolitic core to hornblende rim relationship recognised within 
the mafic series which represents a single transition from greenschist to amphibolite 
facies, the multiple zonation in the ultramafic series records a more complex history. The 
distinct zoning relationships of the inner and outer actinolite-homblende zones reflect two 
overprinting greenschist to amphibolite facies metamorphic episodes. In addition to 
textural overprinting evidence, Mi is chemically distinguished from M2 zonation by an 
inner actinolite zone comparatively more enriched in Cr and an outer hornblende zone 
showing a late edenite substitution. A similar overprinting edenite substitution within the 
mafic amphiboles particularly within the rim and groundmass, suggests the core to rim 
association is related to M2 metamorphism.
6.3.2 Fe3+ in Amphibole
The flat Aliv decoupled relationship with Fe3+, present within both the ultramafic 
and mafic assemblages (see Figs. 6.9a and 6.12) shows the same cation abundances in 
both assemblages. The decoupled relationship is interpreted to result through crystal 
chemical limits of Fe3+ within the amphibole structure. This is supported by Fe3+ within 
amphibole to be only reliably demonstrated to be strongly ordered at the M2 site 
(Hawthorne 1981).
The presence of Fe3+ within amphibole may result through dehydrogenation 
involving the oxidation of Fe2+ or through Fe3+ coupled substitutions related to separate
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Fig. 6.13 (a) Fine grained groundmass chlorite crenulated by an S2
cleavage. This S2 crenulation cleavage cuts and deforms 
M i hornblende porphyroblasts.
Photomicrograph base length equals 0.6mm.
( b ) Undeformed and crosscutting the crenulation cleavage is 
M 2 cummingtonite rimmed on hornblende.
Photomicrograph base length equals 0.6mm.
Sample No. 19580, Grid reference 570698
phase reactions. Clowe et al. (1988) in an experimental study of oxygen fugacity effects 
on clinoamphiboles concluded that Fe3+ contents of magnesio-hornblende were present 
as an oxy-amphibole component resulting from dehydrogenation. However for 
tschermakitic hornblende they concluded that the Fe3+ content was present as both an 
oxy-amphibole and a result of Fe3+ substitution for octahedral Al.
The amphiboles in this study show coupled Aliv trends in the least evolved 
actinolite compositions which suggest Fe3+ may be completely coupled in a tschermakite 
substitution and result through Fe3+ substitution for Alvi.
6 . 3 . 3  B ulk r o c k  C o n s t r a i n t s
The current assemblages present in both the mafic and ultramafic series are 
indicative of the possible bulk compositional limitations which affected the latest
Chapter 6 Amphibole Zonation: Mineral Chemistry and Metamorphism 122
amphibole formation. In the mafic series assemblage, plagioclase and ilmenite buffers 
the elements Na, Al, Ti and Fe2+ in amphibole. The absence of chlorite and epidote 
within the assemblage results in the limiting of Al, Fe and Mg from further reactions. 
Within the ultramafic series the petrographic absence of plagioclase and the minor 
presence to absence of opaque oxides suggest elements such as Ti, Fe2+, Fe3+, NaA and 
NaM4 may be limited at more evolved amphibole compositions. In contrast the abundant 
chlorite in the ultramafics buffers the Mg, Al and to a lesser degree the Fe components of 
the amphiboles.
The above discussion highlights an overlap of elements which are buffered by the 
presence of one phase and limited by the disappearance of another. The concentration of 
an element within the various amphibole compositions is a direct reflection of the 
presence or absence of a reactant source which has that element within the mineral 
assemblage. As such, all elements may be considered to show a bulk rock control in as 
much as the types of substitutions present reflect the former presence or absence of a 
reactant phase in an assemblage. However for amphibole composition to be buffered 
there needs to be a required number of phases within the assemblage or additional 
external components within a fluid for the "buffering" reactions to occur.
The common M2 actinolite zonation along cleavage and within internal alteration 
pods within the ultramafic assemblages suggests the outer actinolite zone was buffered by 
fluid-rock reactions of an open system. In a closed system the failure of amphibole to 
completely re-equilibrate during changing metamorphic conditions will change and 
deplete the bulk composition available to react, and as a result influence the composition 
of the newly recrystallised and or crystallised phases. This concept of disequilibrium 
fractionation is demonstrated by amphibole zonation within the ultramafic series. The 
failure (inability) of the Mi inner zone amphiboles to completely re-equilibrate during the 
outer actinolite M2 episode results in a reactant bulk rock composition depleted in Al. 
This is exemplified by the coupled pargasite and tschermakite substitution trend of the 
outer amphibole showing an additional edenite substitution which reflects a decoupling of 
a tschermakite component. Na shows no indication its abundance has been limited 
despite the absence of feldspar in the assemblages. This could suggest it was buffered 
externally through fluids as the overprinting edenite substitutions in the mafic amphiboles 
suggest Na was widely mobile.
6.3 .4  P-T Constraints
The M2 assemblage within the mafic series is hornblende -1- oligoclase/andesine + 
quartz -1- ilmenite ± sphene ± epidote ± biotite. The absence of chlorite and the presence 
of epidote and ilmenite in many assemblages is consistent with epidote amphibolite
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facies. However the common oligoclase/andesine composition of the plagioclase 
throughout the mafic assemblages indicates the grade to be lower amphibolite facies. 
These assemblages maybe described in terms of chlorite out and epidote out reactions:
chlorite + sphene + actinolite + quartz = hornblende + ilmenite + H2O 6.16
epidote + albite + hornblende + quartz + oligoclase + hornblende + H2O 6.17
In contrast, the M2 ultramafic assemblage is simple with actinolite + chlorite ± 
hornblende ± talc ± rare plagioclase. These assemblages are primarily representative of 
an upper greenschist facies. However the localised development of the M2 outer 
hornblende zone and associated minor recrystallised groundmass indicate these 
assemblages were transitional to amphibolite facies.
Coexistence of the lower amphibolite facies mafic assemblages with transitional 
greensc hi st/amphibolite facies ultramafic assemblages reflects the high Mg contents of the 
ultramafic rocks which stabilises Mg actinolite-tremolite and chlorite to higher 
temperatures relative to the lower Mg/Fe mafic series (see Brown 1977).
The M2 epidote-oligoclase association within the mafic assemblages constrains the 
current assemblage along the epidote out reaction curve. Apted et al. (1983) and Liou et 
al. (1974) experimentally constrained the chlorite and epidote out reactions in P-T space 
(see section 6.1.1 for detailed discussion) which, when compared with the P-T 
constraints determined within the pelitic and K^O-poor assemblages of 640°-675°C and 
3.8-4.5kb correlate well with the expected position of the mafic assemblage (Fig. 6.13). 
The correlation between the P-T positions of the mafic and pelitic/K^O-poor equilibrium 
assemblages provides good constraints on the peak P-T conditions for the M2 
metamorphism. The poorly preserved inner actinolite zone and common inner 
hornblende zone amphibole present in most ultramafic samples indicates similar P-T 
conditions to M2  for Mi metamorphism consistent with the Mi conditions determined 
within the pelitic /K^O-poor.
This study of amphibole chemistry and zonation has shown the potential for 
amphiboles to be used as windows into the earlier metamorphic history of poly 
metamorphic terrains. Limitations are many, particularly in the detailed electron probe 
analyses of individual grain types required to more fully document the compositional 
variation of zonation in relation to the optical characteristics of the zoned grains. This 
would better constrain the compositional relationship between the sharp zone contacts and
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V  M2
Fig. 6.14 P-T diagram showing the chlorite and epidote out curves from  
Apted et al. (1983). Overlain is the KFMASH (dashed lines) and 
FMASH (fine solid lines) grids of Thompson (1976) and Hudson 
and Harte (1985) showing the constrained Mi and M2 peak 
metamorphic fields for the pelitic and K20-poor assemblages.
These correlate well with expected location of the mafic 
assemblages on the epidote out reaction curves.
the more diffuse, gradational contacts particularly in regard to the relative nature of 
equilibration of the core phases.
The variable nature of amphibole equilibration and their sluggishness of reaction 
are their greatest strengths as tools to characterise and distinguish multiple metamorphic 
episodes. However their potential as such tools is limited by the inability to determine the 
proportions of O and OH, Mn2+ or Mn3+ and in particular Fe2+ and Fe3+ with the 
electron probe and the lack of data with which to characterise the nature of element 
diffusion and equilibrium of amphibole.
Chapter 7
Geochemistry of the Fisher
Terrane
7 .1  INTRODUCTION
Geochemistry of the Fisher Terrane is primarily a study of the meta-volcanic 
succession of Fisher Massif. Limited analyses are available for the meta-gabbro and 
granitic intrusives on Fisher Massif, Mount Willing and Nilsson Rocks. Chemical 
analyses (totalling 49 analyses) are presented in Appendix 6 .
Sheraton (1984) in a study of the effects of metamorphism on chemical 
composition found the incompatible elements Nb, La, Ce, P, Zr, Ti and Y, and other 
trace elements (V, Cr, Ni, Zn and Ga) to show minimal effects of amphibolite to granulite 
facies metamorphism while the large ion lithophile (LIL) elements show varying degrees 
of depletion. Sheraton (1984) indicates the immobility of most trace elements except LIL 
elements during metamorphism provides potentially useful chemical signatures to 
characterise original magma types and fractionation trends. Smith and Holms (1987) 
concluded LIL elements were affected by metamorphism while high field strength (HFS) 
elements remained unaffected. Most rock types within the Fisher Terrane have been 
variously metamorphosed. Hence the geochemistry of the terrain is primarily 
characterised in terms of incompatible element abundances.
This chapter aims to characterise the geochemistry of the meta-volcanics and meta- 
intrusive bodies within the Fisher Terrane and compare the mafic meta-volcanics of the 
Fisher Terrane with similar aged dykes from the Vestfold Hills and Enderby Land.
7 .2  GEOCHEMICAL CHARACTERISTICS: 
INCOMPATIBLE ELEMENTS AND ELEMENT RATIOS
The meta-volcanics of Fisher Massif range in composition from ultramafic and 
tholeiitic through basaltic andesite to dacite (Fig. 7.1). The tholeiitic association is 
transitionally alkaline in composition while the dacitic compositions are sub-alkaline. A 
bimodal distribution between the tholeiitic and dacitic compositions is indicated by an 
absence of andesitic compositions (Fig. 7.1).
The trace elements (Cr, Ni, V and Ga) are compared against mg numbers (Fig. 
7.2). Incompatible elements are shown on variation diagrams comparing Y, TiC>2, Nd, 
P2O5, Sr, Ce, La and Nb against Zr (Fig. 7.3). Normalised primitive mantle diagrams
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Fig. 7.1 Classification of the Fisher Massif meta-volcanics on a total 
alkalies vs SiC>2 diagram. The alkaline and subalkaline field 
boundary is from Wilson (1989).
for the incompatible elements are also presented in figure 7.4. Normalisation factors are 
taken from Sun and McDonough (1989). Incompatible element ratio variation is shown 
on plots comparing the ratios P/Ce, Ti/Zr, Ti/P, K/Rb, K/Zr and K/Ba in figure 7.5. Due 
to the limited data, the chemistry of the meta-intrusive bodies is presented only on 
normalised primitive diagrams (Fig. 7.6).
7 . 2 . 1  U ltram afic  M e t a -V o l c a n ic s /S il l s
The ultramafic volcanics/sills have relatively low mg numbers (48-65) compared to 
primary magmas formed in equilibrium with mantle peridotite, typically with mg numbers 
greater than 70 (Basaltic Volcanism Study Project 1981). The most reasonable 
explanation therefore is that these ultramafic rocks represent cumulate enriched magmas 
formed from evolved, relatively Fe rich tholeiitic parent magmas. The high Cr and Ni 
(Fig. 7.2), and low Ga, Y, TiC>2, P2O5 and Sr (Figs. 7.2 and 7.3) are also consistent 
with this cumulate rich origin.
On a normalised primitive mantle diagram the LIL elements Rb, Ba and K show 
widely scattered abundances with Th in most samples below detection limits (Fig. 7.4). 
The elements from La to Y show a more coherent relationship, particularly from P to Y 
except for Nd which is below detection limits in most samples. The variable levels of
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Fig. 7.2 Trace element variation plots against mg number for meta-
volcanics and meta-quartz diorite and gabbro on Fisher Massif, 
(mg number is based on total iron as FeO).
enrichment and depletion for Ba and K relative to the more regular patterns of the less 
incompatible elements suggest these LIL elements were mobilised during metamorphism.
The least evolved samples show near primordial abundances of Y, Ti, Zr, P, K, Ba 
and Rb, the latter two elements are commonly below detection limits (Fig. 7.4) as may be 
expected from ultramafic cumulates for which Cr and Ni are enriched. More evolved 
samples show increasing incompatible element abundances. Small positive Ti anomalies
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Fig. 7.5 Incompatible element ratio plots for the meta-volcanics o f Fisher 
Massif: (a) TUP vs Ti/Zr; (b) P/Ce vs Ti/Zr; (c) K/Rb vs K/Ba and; 
(d) K/Zr vs K/Ba. Ornamentation is the same as for figure 7.2.
in the least evolved samples and negative anomalies in more evolved samples suggest 
accumulation and fractionation of a Ti bearing phase respectively. Strong negative Sr 
anomalies are present in most samples with some values less than the primitive mantle 
occurring in the least evolved samples.
Fig. 7.3 Trace element variation plots o f incompatible elements against 
Zr for meta-volcanics and meta-quartz diorite and gabbro on 
Fisher Massif. All element abundances in ppm except TiÖ2 and 
P2 O 5 which are weight percent. Ornamentation is the same as 
for figure 7.2.
Fig. 7.4 Normalised primitive mantle diagrams for the Fisher Massif 
meta-volcanics: (a) ultramafic meta-volcanics/sills; (b) mafic 
meta-volcanics and; (c) felsic meta-volcanics. The mafic data are 
shown on two separate diagrams to prevent obscuring individual 
sample trends.
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Incompatible element ratios (Ti/P, K/Zr, Ti/Zr) in the least evolved samples are 
similar to primitive mantle ratios for the values of Sun and McDonough (1989). These 
primitive ratios and the strongly depleted Sr abundances are consistent with a cumulate 
source which is poor in plagioclase. Strong variation in Ti/P and Ti/Zr ratios in more 
evolved samples may be attributed to the depletion of Ti through fractionation.
7.2.2 Mafic Meta-Volcanics
The mafic meta-volcanics are characterised by high TiC>2 and P2O5 though show a 
considerable range in scatter for most incompatible elements (Fig. 7.3). On normalised 
primitive mantle diagrams, the meta-mafic volcanics show coherent patterns for the 
elements La through to Y but show a more scattered pattern for the elements K, Ba and 
Rb (Fig. 7.4). Sr in the mafic samples show positive anomalies with minor negative 
anomalies only present within the most evolved samples. This suggests plagioclase 
fractionation was not significant except in the most evolved samples. The presence of 
large relict plagioclase phenocrysts and relict subophitic textures within many of these 
meta-mafic volcanic samples indicates plagioclase was an early crystallising and or 
cumulate phase.
The primitive mantle normalised patterns from La to Y except for Sr show a near 
flat slightly depleted trend. Individual samples show variable trends of both negative and 
positive Zr, Ti and Y anomalies (Fig. 7.4) which is exemplified in the wide range of 
element ratio values (Fig. 7.5). However the over all flat trend and evolved compositions 
indicate fractionation was also important in the chemical development of the mafic meta- 
volcanics.
7.2.3 Felsic Meta-Volcanics
The felsic meta-volcanics are characterised by high Cr and Ni (up to 144ppm and 
37ppm respectively), low TiC>2 and P2O5 and a sharp decrease in V with decreasing mg 
number (Fig. 7.2 and 7.3). Normalised primitive mantle diagrams show generally tight 
coherent patterns for the elements La through to Y and show more scattered patterns for 
the LLL elements Rb, Ba and K (Fig. 7.4). The coherent pattern of the less incompatible 
elements show prominent negative Ti and P anomalies which represent either a source 
depleted in these elements or that Ti and P bearing phases were restite during magma 
separation from the source. Minor negative Sr anomalies present only in the more 
evolved samples suggest plagioclase fractionation was only important in the most felsic 
compositions.
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Incompatible element ratios for the felsic samples are of a more restricted range and 
lower for Ti/Zr and P/Ce than compared with the mafic and ultramafic samples (Fig. 
7.5). In contrast the LIL element K/Rb, K/Ba and K/Zr ratios show a wide variability.
7.2.4 Meta-Igneous Intrusive Bodies
7.2 A. 1 Meta-Quartz Diorite and Meta-Gabbro
The trace element chemistry of the meta-gabbro samples on Fisher Massif is 
generally very similar to that of the mafic meta-volcanics except may be for lower TiC>2 
abundances (Figs 7.2 and 7.3). Two analyses from the gabbroic complex on Mount 
Willing are distinguished by relatively high mg numbers from the Fisher Massif gabbros 
and meta-volcanics. On normalised primitive mantle diagrams the two Fisher Massif 
analyses and one analysis from Mount Willing show tight coherent trends characterised 
by a relatively smooth pattern except for a strong negative Nb anomaly (Fig. 7.6a). The 
incompatible elements (Pb, Rb, Ba, Th and K) are comparatively enriched relative to the 
mafic meta-volcanics. The other Mount Willing sample shows a depleted pattern with P, 
Ti and Y approximating primitive values (Fig. 7.6a).
The meta-quartz diorite is distinguished from the felsic to intermediate meta- 
volcanics by low Cr, Ni, V, Ti0 2  and mg number with Ce, La, P2O5 and Y showing a 
scattered abundance (Figs. 7.2 and 7.3). Normalised primitive mantle diagram of the 
meta-quartz diorite show generally coherent patterns with strong negative Nb, P and Ti 
anomalies (Fig. 7.6b). These negative anomalies may reflect a source previously 
depleted in these elements or separation of residual phases compatible with these 
elements. The least evolved sample has negative P and Y anomalies below those of 
primitive mantle. This sample is anomalous particularly in respect of Y which in other 
samples shows a positive trend. However with only limited data the significance of this 
sample may be questionable.
7.2A.2 Meta-granodiorite
Four analyses are presented for the biotite meta-granodiorite body in the north of 
Fisher Massif and a single analysis for the two mica granodiorite on Nilsson Rocks. On 
normalised primitive mantle diagrams all samples show negative Nb, P and Ti anomalies 
(Fig. 7.6c). The biotite meta-granodiorite is more enriched in Ti and Y relative to the two 
mica granodiorite which is marginally peraluminous with a ASI of 1.13 compared with 
an average ASI of 0.94 for the biotite meta-granodiorite. This peraluminous granodiorite 
shows similar geochemical affinities with a two mica granite on the Mawson Escarpment 
(Tingey 1982, Manton et al. 1992).
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Normalised to Primitive Mantle (Sun and McDonough 1989)
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7 . 2 . 5  DISCUSSION
The ultramafic meta-volcanics/sills and the mafic and felsic meta-volcanics all show 
variably enriched LIL element patterns and prominent negative Nb anomalies for the most 
highly incompatible elements (Fig. 7.3). The less incompatible elements show more 
coherent patterns with each of the above groups showing distinct element associations.
There is a general continuum in composition of the mafic and ultramafic meta- 
volcanics/sills with increasing V, Ga and incompatible element abundance and a decrease 
in Cr and Ni with decreasing mg number (Fig. 7.2). The negative Sr anomalies in the 
ultramafic and the initial positive Sr anomalies in the most primitive mafic meta-volcanics 
is consistent with cumulate origins. The ultramafics represent olivine and pyroxene 
enriched cumulates poor in plagioclase. A plagioclase enriched residual magma 
represents the primitive mafic meta-volcanics. This is consistent with the relict textural 
associations of early plagioclase within many mafic meta-volcanics. Thus it is interpreted 
that the ultramafic and mafic associations were derived from a primitive tholeiitic source 
through fractionation and accumulation.
In contrast the distinct trends of Ti0 2 , P2O5 and V distinguish the felsic meta- 
volcanics as separate magma associations derived from a different source than the 
ultramafic and mafic meta-volcanics (Figs. 7.2 and 7.3). In addition the minimal spread 
of incompatible element ratios Ti/P, P/Ce and Ti/Zr compared with the widely scattered 
values for ultramafic and mafic associations is consistent with derivation from a separate 
source (Fig. 7.5a and b).
This distinction in the character of incompatible element ratios between the felsic 
meta-volcanics and the ultramafic and mafic associations indicates the scattered values of 
the latter are not the result of later metamorphic alteration but may be attributed to the 
initial fractionation and accumulation of these ultramafic and mafic associations from a 
primitive tholeiitic source as discussed above. Subsequent fractionation and possible 
crustal contamination may further have modified the element ratios for example some of 
the scatter within the ultramafic association may in part be attributed to Ti fractionation.
Fig. 7.6 Normalised primitive mantle diagrams for: (a) meta-gabbro from  
Fisher Massif and Mount Willing; (b) meta-quartz diorite from  
Fisher Massif and; (c) a meta-granodiorite from Fisher Massif 
and a two mica granodiorite from Nilsson Rocks. Sample 
numbers 71280031, 73281650, 73281647, 73281597 and 71280028 are 
unpublished data from J. W. Sheraton of AGSO .
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However a heterogeneous mantle source is also a possibility which has to be considered. 
A variably metasomatised mantle may also produce scattered element ratios which only 
more detailed sampling may resolve.
A geochemical and isotopic study of mafic dykes ranging in age from c.2400 to 
c.1400 from the Vestfold Hills (approximately 500km to the north east of Fisher Massif) 
found them to be derived from a metasomatised heterogeneous mantle with only minimal 
crustal contamination contributing to their chemical compositions (Collerson and 
Sheraton 1986). Similar findings for the mafic dyke suites of the Napier Complex in 
Enderby by Sheraton and Black (1981) suggest Proterozoic mantle heterogeneity was 
wide spread beneath the East Antarctic shield.
In contrast to the Ti/P, P/Ce and Ti/Zr ratios, the ratios K/Rb, K/Zr and K/Ba show 
widely scattered values for uitramafic, mafic and particularly the felsic associations (Fig. 
7.5c and d). This suggests an alteration involving the most incompatible LIL elements 
affected all the meta-volcanic associations and is not related to source heterogeneity but is 
attributed to the multiple metamorphic events which affected the terrain. This alteration 
probably also resulted in some modification of the less incompatible elements.
A comparison of the mafic meta-volcanics with the similar aged group II and group 
III mafic dykes of the Vestfold Hills and the Amundsen dykes of the Napier Complex in 
Enderby Land show the chemistry to be almost identical (Fig 7.7). The Fisher Terrane
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Fig. 7.7 Normalised primitive mantle diagrams for the Mid Proterozoic 
mafic dykes in the Vestfold Hills and in Enderby Land. The 
hatched area bounds the field of all Fisher Massif mafic meta- 
volcanic data.
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mafic meta-volcanics show a great deal more scatter in the data reflecting the effects of 
metamorphism. On normalised primitive mantle diagrams the Vestfold Hills and Enderby 
Land dyke data show the same over all flat pattem with moderate negative Nb anomalies 
and both positive and negative Sr anomalies in the least evolved and more evolved 
samples respectively.
Chapter 8
Formation and Tectonic 
Evolution of the Fisher Terrane
8 .1  DEPOSITIONAL SETTING
As summarised in chapter 1, the Fisher Granite-Greenstone Terrane is bound by 
Mid Proterozoic orthogneiss terrains which are considered as basement on which the 
Fisher Terrane volcanic sequence was deposited at c. 1250 Ma (Black 1992). This c. 
1250 Ma age is also the age of widespread basalt intrusion as shown by the emplacement 
of the groups II and III dolerite dykes (Collerson and Sheraton 1986) and lamprophyres 
(Mikhalsky et al. 1992) in the Vestfold Hills, the Amundsen dykes in the Napier 
Complex (Sheraton and Black 1981) and metamorphosed tholeiitic dykes within the 
Archaean and Proterozoic of the Southern Prince Charles Mountains (Tingey 1982).
The emplacement of tholeiites and minor alkaline dykes at 1250 Ma within the 
Vestfold Hills is predated by normal brittle faulting and pseudotachylite development 
(Passchier et al. 1991). Hoek et al. (1992) related this faulting and dyke emplacement to 
a regional west northwest to east southeast asymmetric extension with associated 
development of sedimentary basins within the Rauer Islands and Larsemann Hills. The 
present configurations of these sedimentary basins are the paragneiss units described by 
Stiiwe et al. (1989) and Stiiwe and Powell (1989a).
This c. 1250 Ma extensional event may be far more widespread than in the Prydz 
Bay coast area as is inferred by the presence of similar aged dykes within Enderby Land 
and the Prince Charles Mountains. Metamorphosed relics of mafic dykes such as 
granulite and amphibolite pods and boudins within the felsic gneisses of the northern 
Prince Charles Mountains are constrained in age to between the formation of the felsic 
gneiss basement (inferred as Mid Proterozoic in age) and the c. 1000 Ma metamorphism 
(Fitzsimons and Thost 1992). Similarly metamorphosed mafic dykes within the southern 
Prince Charles Mountains are constrained by a basement age of 2000-1700 Ma which 
they intrude and by a younger, 1100-800 Ma meta-sedimentary sequence (Tingey 1982).
It is within this extensional setting that the Fisher Terrane meta-volcanics sequence 
is interpreted to have been deposited at 1250 Ma within an inter continental rift basin. 
This model is consistent with the bimodal nature of the meta-volcanics and the alkaline 
affinities of the tholeiitic meta-volcanics (Wilson 1989). On a discrimination ternary 
diagram of Pearce and Cann (1973) using the incompatible elements Ti, Zr and Y, the
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mafic meta-volcanics plot primarily within a field of "within plate basalts" with scatter 
into the adjacent low potassium tholeiite, ocean floor basalt and calc-alkaline basalt fields 
(Fig. 8.1).
Ti/100
LKT, OFB, CAB
Zr Yx3
Fig. 8.1 Mafic meta-volcanics plotted on the incompatible element
discrimination diagram of Pearce and Cann (1973) showing a 
predominance for the "within plate basalt" field.
The compositional chemical criteria favour a continental rift setting for the 
deposition of the Fisher meta-volcanic sequence. A subaerial depositional environment 
and the abundant felsic meta-volcanics restrict possible alternative tectonic models to one 
of an active continental margin. However this model is not consistent with the absence of 
abundant andesitic meta-volcanics and the extensive crustal basement to the north and 
south of the Fisher Terrane.
Barberi (1982) subdivided inter-continental rifts into two types- low and high 
volcanicity rifts. Low vocanicity rifts have small volumes of eruptive material, lateral 
discontinuities of volcanic activity along rift, low rates of extension and a wide range of 
igneous compositions which are dominated by strongly alkaline basalts. High volcanicity 
rifts are characterised by more voluminous volcanics, higher rates of crustal extension 
and transitional alkaline basalt compositions and bimodal distributions of mafic and felsic 
volcanics. The Fisher Terrane meta-volcanic sequence typifies high volcanicity type 
rifting with a predominance of volcanic derived material relative to meta-sediments which 
comprise less than 5% of total outcrop area, transitional alkaline affinities of the tholeiites 
and a bimodal distribution of felsic and mafic meta-volcanics.
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8 .2  POST DEPOSITIONAL TECTONIC EVOLUTION
The post depositional history of the Fisher Terrane involves two amphibolite facies 
metamorphic episodes and two main deformation events with later regional scale open 
folding, mylonite development and minor faulting (Table 8.1). No deformation 
associated with rift basin formation have been identified The first metamorphic episode 
(Mi) is associated with the first recognised deformation (Di) and is the most pervasive 
deformation identified and characterised by a strong foliation/gneissocity which 
preferentially is best developed within the pelitic and felsic rock types on Fisher Massif 
and within the layered felsic gneisses on Nilsson Rocks and Mount Willing. The second 
deformation (D2) is recognised by open to tight folding of primary layering and Si 
foliation and is not associated with M2 metamorphism.
8 .2 .1  AGE CONSTRAINTS ON POST DEPOSITIONAL HISTORY
The timing of Mi, Di is constrained by a maximum depositional age for the meta- 
volcanic sequence of c. 1250 Ma (Black 1992) and a minimum emplacement age of 
c.1000 Ma (Black 1993) for the large meta-granodiorite in the northeast of Fisher Massif 
which show no internal foliation development as is characteristic of the meta-quartz 
diorite and meta-gabbro intrusives. Mi metamorphism of the Fisher Terrane is correlated 
with the widespread 1100-1000 Ma metamorphic episode identified in the Prince Charles 
Mountains, along the Prydz Bay coast and within the Rayner Complex (Tingey 1982, 
Sheraton and Collerson 1983, Black et al. 1987, Kinny et al. 1993).
In contrast to the foliated meta-gabbros on Fisher Massif and Nilsson Rocks, the 
Mount Willing meta-gabbros show no Si penetrative fabric and was thus was emplaced 
post- M1/D 1. However a whole rock Sm-Nd isochron age of 1233±160 Ma interpreted 
by Mikhalsky et al. (1993) as a crystallisation age and a mineral Sm-Nd isochron age c. 
1000 Ma attributed to metamorphic reworking suggests the meta-gabbro suite was 
emplaced pre- M1/D 1 and behaved as a rigid body during subsequent deformation. 
Given the large reported error on the whole rock Sm-Nd age, the emplacement age of the 
meta-gabbro suite is not resolved. As such emplacement of the meta-gabbro suite post 
M 1/D 1 at c. 1000 Ma is preferred, being within error of the 1233±160 Ma age and 
consistent with the field relationships.
Timing of D2 and M2 are poorly constrained. Axial planar to the F2 folding of the 
layered gneiss sequence on Mount Willing is an extensive series of mafic dykes which 
also transect the meta-gabbro suite constraining the age of D2 deformation between the 
emplacement of the Mount Willing gabbro suite and emplacement of the mafic dyke suite. 
These dykes, as well as those on Fisher Massif and Nilsson Rocks are metamorphosed
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Table 8.1 Sum m ary o f  p o s t d e p o s itio n a l h is to ry  o f  the F ish er  T erran e.
AGE (Ma) DEFORMATION METAMORPHISM MAGMATISM
1250 Deposition of the greenstone sequence and
Black (1992) emplacement of gabbro and quartz diorite on Fisher 
Massif and Nilsson Rocks
1000
Black (1992)
Dj Characterised by a layer 
parallel penetrative 
foliation defined by mineral 
segregation typically 
within the felsic rock units 
and locally in the more 
mafic units
Mi Lower amphibolite 
facies.
In pelites is characterised 
by relict Mi fine matted 
chlorite and segregated 
layering of biotite, ilmenite 
and muscovite defining Sj. 
Mi idiomorphic magnetite 
overgrown by Mi cordierite. 
Relict Mi actinolite and 
hornblende core zones in 
the ultramafic rocks.
-Emplacement of the Mt 
Willing gabbro complex. 
-Emplacement of the 
granitic pods and dykes in 
the Mt Willing gabbro 
complex.
-Emplacement of 
granodiorite and granite 
bodies on Fisher Massif.
-950-920 D2 open to tight folding recognised on Mt Willing, 
Nilsson Rocks and locally 
on Fisher Massif. 
Crenulation and folding of
Si-
Greenschist facies 
metamorphism associated 
with D2 shear zone on 
Nilsson Rocks.
Emplacement of the mafic 
dykes on Mt Willing, 
Fisher Massif and Nilsson 
Rocks.
-500
Mylonite development on 
Fisher Massif, Nilsson 
Rocks and Mt Willing.
M2 Amphibolite facies 
Characterised by : 
poikiloblastic andalusite, 
cordierite and staurolite and 
porphyroblastic biotite in 
the pelites;
M2 chlorite within 
intermediate rocks;
M2 overgrowth and re­
equilibration zoning of 
actinolite and hornblende in 
the ultramafic rocks 
M2 amphibole epidote and 
sphene in the post Mj 
granodiorite and granite 
intrusives.
Greenschist facies 
metamorphism associated 
with the mylonites.
Emplacement of two mica 
granodiorite on Nilsson 
Rocks.
Emplacement of pegmatite 
dykes on Mt Willing and 
Nilsson Rocks.
9 D3 regional warping
recognised by the change in 
S2 axial trends between Mt 
Willing and Nilsson Rocks.
500-250 Minor brittle faulting
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but not deformed. Similar meta-dyke associations recognised on Mount Collins crosscut 
meta-felsic granites and within the Porthos Range crosscut both charnockite and gneissic 
layering (Black 1993, Fitzsimons and Thost 1992).
Despite distinct geochemical differences between some of these meta-dyke suites 
(Sheraton unpub. MS.) there appears to be cotemporaneous timing of emplacement for 
the meta-dykes. An emplacement age of c. 1000 Ma for the meta-felsic gneiss on Mount 
Collins (Black 1993) and emplacement of charnockite within the Porthos Range 
correlated by Fitzsimons and Thost (1992) with intrusive ages for the Mawson 
charnockite of 954±12 Ma and 985±29 Ma (Young and Black 1991) provide a maximum 
age of emplacement for the meta-dykes.
An upper limit to dyke emplacement is constrained by the M2  metamorphic event 
which overprints the mafic dykes. Fitzsimons and Thost (1992) place the timing of mafic 
dyke intrusion within the Porthos Range to between 960 Ma and 920 Ma constrained by 
deformation and correlation of this deformation and emplacement of charnockite with the 
Young and Black (1991) ages for the Mawson charnockite. Harley (1987) also 
suggested emplacement of the main dolerite dyke suite within the Rauer Islands to have 
occurred around this period. If this is also the timing of the mafic meta-dykes within the 
Fisher Terrane, then D2  occurred very soon after the 1100 Ma - 950 Ma M 1/D 1 event. 
This is exemplified by a small shear zone on Nilsson Rocks attributed to D 2  which 
contains a foliation defined by chlorite and partially chloritised biotite suggesting D2  and 
dyke emplacement were associated with Mi retrogression.
The c. 500 Ma ages present extensively within east Antarctica are often attributed to 
retrogression (Sheraton et al. 1984, Black et al. 1987 and Kinny et al. 1993). Recent 
studies indicate the c. 500 Ma period was associated with regional metamorphism and 
folding within the Liitzow-Holm complex (Shiraishi et al. 1992, 1994) and upper 
amphibolite to lower granulite facies deformation with accompanying emplacement of 
granite and pegmatites within the Larsemann Hills (Ren et al. 1992, Dirks et al. 1993).
Within the Prince Charles Mountains evidence of a post 1000-950 Ma thermal event 
is indicated by resetting of Rb-Sr isotopic systems at c. 500 Ma (Tingey 1982, Manton et 
al. 1992) and U-Pb zircon ages for a biotite granite between 524 Ma and 565 Ma and 
pegmatite pods and veins ranging from 495 Ma to 507 Ma on Jetty Peninsula (Manton et 
al. 1992).
Timing of M2  within the Fisher Terrane is at present poorly constrained with only a 
maximum age of 1000 Ma imposed by the emplacement age of the meta-granodiorite in
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the north of Fisher Massif. Given the relative timing outlined above, it is inferred that M2 
occurred around 500 Ma correlating this event with the widespread isotopic resetting and 
the c. 500 Ma metamorphism of the Lützow-Holm complex (Shiraishi et al. 1992, 1994) 
and the Larsemann Hills (Ren et al. 1992, Dirks et al. 1993).
An undeformed and unmetamorphosed two mica granodiorite on Nilsson Rocks is 
inferred to have intruded the hornblende granulite syn- to post- M2. A two mica granite 
with similar geochemical affinities in the Mawson Escarpment has a Rb-Sr isochron age 
of 551±74 (Tingey 1982, Manton 1992). The timing of mylonite development is also 
considered syn- to post- M2 . A close temporal association is suggested by the 
greenschist facies assemblage within the sheared eastern escarpment of the northern meta- 
granodiorite on Fisher Massif. Pegmatites on Mount Willing are emplaced within shear 
zones which were subsequently reactivated deforming the pegmatites. These shear zones 
are inferred to have developed contemporaneously with or soon after the larger scale 
mylonites on Fisher Massif which in following indicates the pegmatites where also 
emplaced at around 500 Ma.
Later brittle faulting with trends from northwest-southeast to northeast-southwest, 
is interpreted to have developed between 500 Ma and the end of the Permian associated 
with the development of the Lambert Graben and deposition of the late Permian and 
Triassic sediments (Mond 1972, McKelvey and Stephenson 1990). Timing of what has 
been designated F3 warping cannot be reliably constrained past a maximum D2 age.
8 . 2 . 2  P-T HISTORY OF M l  AND M 2
The presence of two separate metamorphic episodes is well demonstrated on Fisher 
Massif by the multiple disequilibrium amphibole zonation within the ultramafic 
assemblages and Mi retrograde assemblages and D2 micro structures overgrown by M2 
assemblages within the pelites. However the pressure and temperature history of Mi and 
M2 are poorly constrained. The presence of relict Mi staurolite and possible Mi gedrite 
within the K2O poor aluminous assemblages and the presence of Mi cordierite, 
andalusite and biotite within the pelitic assemblages suggest Mi peak metamorphic 
conditions were at a higher pressure than the peak M2 (see Fig. 4.24).
The Mi prograde P-T path is interpreted to have been near isobaric. This is 
constrained by the absence of relict sillimanite within the Mi pelitic assemblages, given 
how close the inferred peak pressure and temperature conditions were to the andalusite 
sillimanite boundary and by the absence of relict garnet and cordierite within the K2O- 
poor assemblages (Fig 8.2).
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Fig. 8.2 Prograde P-T paths for M\ and M2 based on the KFMASH grid
of Thompson (1976) (dashed) and the FMASH grid of Hudson and 
Harte (1985) (solid) showing the relevant stability fields for the 
equilibrium assemblages (shaded). The Mj path is inferred by 
the presence of Mj pelitic assemblages of Cd, Als, Bi and K2 O 
poor Mi assemblages of St and Ged and the absence of Cd and 
Gt. The opposing slopes of the Cd+St=Bi+Als KFMASH reaction 
and St+Ged=Cd+Gt FMASH reaction constrain the prograde M2 
metamorphic reaction path to near isobaric. The A^SiOs 
equilibria shown are from Richardson et al. (1969).
The nature of the Mi P-T path is not clear. Given the assemblage constraints 
discussed above and the relatively low pressures of Mi, advective heat input would have 
been required (Sandiford and Powell 1991). The extensive cotemporaneous granite and 
gabbro bodies within the Fisher Terrane and chamockite on Mount Collins which were 
emplaced soon after Di, are consistent with this interpretation. Deformation associated 
with Mi is inferred to result from regional compression and rift basin closure though the 
degree of crustal thickening and the significance of this on the P-T path has not yet been 
resolved. The absence of near peak metamorphic retrograde textures may perhaps 
suggest that post peak metamorphism involved rapid isobaric cooling which would 
prevent breakdown of the peak assemblages. Conditions between Mi and M2 probably
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did not get below greenschist facies as is suggested by the well developed M2 actinolite 
re-equilibration zonation within the ultramafic assemblages and the chlorite and 
chloritised biotite associated with a D2 shear zone overgrown by M2 hornblende on 
Nilsson Rocks.
An isobaric prograde P-T path is inferred for M2. In the K^O-poor assemblage the 
univariant reaction of staurolite and gedrite is invoked to produce the stable cordierite, 
garnet assemblage and within the pelitic assemblages, the reactions associated with 
development of the stable assemblage of biotite and andalusite is argued to most likely to 
have involved reaction of staurolite and cordierite. These reactions on the overlying 
petrogenetic grids of Hudson and Harte (1985) and Hess (1969), Thompson (1976) and 
Harte and Hudson (1979) are constrained to an isobaric prograde metamorphic path (Fig. 
8.2 and see Chapter 4 section 4.3.3).
As with Mi the absence of high temperature retrograde textures associated with M2 
assemblages suggests cooling following isobaric heating must have been reasonably 
rapid. The lower pressure of peak M2 metamorphism and the absence of associated 
deformation are consistent with a P-T path involving primarily advective heating and 
rapid cooling with minimal change in pressure. However evidence for a potential heat 
source is lacking with only a minor amount of granite emplaced during M2. This remains 
unresolved.
P-T conditions on Nilsson Rocks and Mount Willing are poorly constrained. The 
presence of relict granulite facies assemblages and localised partial melting at Nilsson 
Rocks and possible retrograde granulite assemblages and strong gneissocity at Mount 
Willing indicate an earlier high grade metamorphism correlated with M1/D 1 at Fisher 
Massif. Later overprinting amphibolite facies metamorphism constrained at Mount 
Willing to M2 suggests Nilsson Rocks and Mount Willing where juxtaposed at similar 
structural levels as Fisher Massif between M] and M2, probably associated with D2. The 
small hornblende granulite body at Nilsson Rocks is inferred to represent a later post M2 
juxtaposition possibly related to the extensive greenschist facies shearing which is 
consistent with the partial retrogression of orthopyroxene to cummingtonite.
Upper amphibolite facies assemblages with relict granulite assemblages within the 
orthogneiss terrains bounding the Fisher Terrane (Tingey 1972, Kamenev 1993) 
suggests that Mi and M2 at Nilsson Rocks and Mount Willing developed at similar 
structural levels as these orthogneiss terrains.
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8 .2 .3  REGIONAL CORRELATION AND TECTONIC MODELS
Detailed correlation of Proterozoic relationships within the Prince Charles 
Mountains are limited to the Porthos, Athos and Aramis ranges (Fitzsimons and Thost 
1992) and Else Platform (Hand et al. unpub. MS.). These and the Proterozoic 
relationships along the Prydz Bay coast in the Rauer Islands (Harley 1987, 1988, Harley 
and Fitzsimons 1991), Brattstrand Bluffs (Fitzsimons and Harley 1992) and the 
Larsemann Hills (Stiiwe et al. 1989, Stiiwe and Powell 1989, Ren et al. 1992, Dirks et 
al. 1993) are correlated with the Fisher Terrane in Table 8.2.
D i-M i is considered by Hand et al. {unpub. MS.) to have occurred at c. 1000 Ma 
and D2-M2 post c. 850 Ma and probably at c. 500 Ma. Within the Fisher Terrane Dj-Mi 
correlate with the c. 1000 Ma metamorphic event and M2 is inferred to have occurred at c. 
500 Ma. However D2 is considered to have occurred earlier and soon after the c. 1000 
Ma metamorphic event associated with retrogression from Mi and is not readily 
correlated with any other event to the north. This deformation may be particular to the 
Fisher Terrane.
Hofmann (1982) indicate similar timing relationships within the southern PCMs of 
1040-980 Ma for folding and metamorphism followed by a second deformation and 
metamorphism at 600-500 Ma which may correlate with Mi and M2 respectively. In 
addition slightly metamorphosed dykes in the southern PCMs which intrude the 1040- 
980 Ma metamorphosed basement have similar relationships to the dykes within the 
Fisher Terrane (Hofmann 1982).
M2 within the Fisher Terrane is correlated with M2 in the northern PCM granulite 
terrain and the M2 metamorphism in the southern PCMs. Unlike the latter, peak M2 
within the Fisher Terrane is not associated with any recognised deformation and has been 
attributed to advective heating. The extensive northeast trending shear zones on Fisher 
Massif are associated with greenschist facies conditions and are inferred to have 
developed post peak M2. Hand et al. {unpub. MS.) indicate the M2 path for Else 
Platform was also dominated by advective heating with D2 deformation only becoming 
important close to the peak temperature. This deformation is characterised by upright 
isoclinal folding with late large scale east-west to northeast trending shear zones 
associated with peak metamorphic assemblages. This late shearing may correlate with the 
similarly oriented large scale shear zones on Fisher Massif. These shear zones on Else 
Platform and Fisher Massif are marginal and possibly associated with the early 
development of the Lambert graben However the latter shear zones post date peak 
metamorphism and may indicate a temporal disparity between events as a result of the
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spatial disposition between Else Platform and the Fisher Terrane. Discrete northwest 
trending D4 mylonite zones at Else Platform which are also associated with greenschist 
facies metamorphism may correlate with the large shear zones within the Fisher Terrane 
though they may be better correlated with the minor shear zones associated with the 
pegmatites.
Open regional folding which overprints Dß and is correlated with D3 on Else 
Platform (Hand et al. unpub. MS.) is consistent with D3 open folding of F2 axial traces 
within the Fisher Terrane.
Metamorphism of PCMs and Prydz bay region is characterised by widespread 
uplift between the c. 1000 and c. 500 events showing a consistent decrease in pressure of 
peak metamorphism between Mi and M2 of 1 to 2kb except the Rauer Islands which is in 
the order of 3-4kb (see Table 8.2). Low pressures of metamorphism similar to those 
interpreted for Fisher Massif are only recorded within the paragneiss cover sequence in 
the Larsemann Hills which was deposited contemporaneously with Fisher Massif.
A tectonic framework for the Fisher Terrane is at best speculative given the limited 
information on the structure, metamorphism and geochronology of the PCMs. Tectonic 
models for the evolution of the Proterozoic in east Antarctica have been presented by a 
number of workers (Harley 1988, Stiiwe and Powell 1989a). These models commonly 
rely on P-T-t paths which join separate P-T points attributed to different deformation and 
metamorphic episodes. However recent studies with geochronological constraints (Ren 
et al. 1992, Shiraishi et al. 1992, Dirks et al. 1993) suggest these apparent retrograde 
episodes may be unrelated.
The role which advective heating has played in the Late Proterozoic metamorphism 
appears to be more significant than previously credited. Hand et al. {unpub. MS.) 
indicate both M\ and M2 on Else Platform involved advective heating associated with 
compression and crustal thickening. For Mi Hand et al. {unpub. MS.) suggest crustal 
thickening would have been facilitated by emplacement of magmas into mid crustal levels 
and an anticlockwise path for M2 initially involving advective heating with crustal 
thickening due to compression and deformation only becoming important toward peak 
temperature conditions. For the c. 500 Ma event in the Larsemann Hills, Dirks et al. 
(1993) proposed a model involving advective heat input through emplacement of granite 
and pegmatite resulting in crustal thickening with short interval isobaric transient heating 
and cooling. Within the Fisher Terrane advective heating is also invoked as a primary 
mechanism for both Mi and M2 metamorphism.
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The Fisher Terrane represents a low pressure (andalusite) greenschist facies to 
lower amphibolite facies metamorphic terrain which is distinct from other highly 
deformed and deeply buried Middle Proterozoic granulite supercrustal sequences in East 
Antarctica. The early to middle Proterozoic rifts of Australia are characterised by 
deposition of meta-volcanics, sediments and associated mineralisation within the rift 
successions followed by low pressure andalusite-sillimanite metamorphism and 
deformation associated with layer parallel foliations and overprinting upright folding. In 
many respects the Fisher Terrane shows similar features and tectonic style. Etheridge et 
al. (1987) have proposed a model to accommodate these features which may also be 
applicable to the development of the Middle Proterozoic supercrustal sequences in the east 
Antarctica.
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Appendix 1
Sample Numbers and Grid 
References
Grid zone designation: Universal Transverse Mercator, grid zone 42.
Rock No. Sl ide  No. Grid R e f e r e n c e
5 3 8 0 4 5 8 0 7 3 4
5 3 8 0 5 1 9 5 6 4 5 5 0 7 0 0
5 3 8 0 6 1 9 5 6 5 5 6 8 7 2 2
5 3 8 0 7 1 9 5 6 6 5 2 5 6 7 9
5 3 8 0 8 1 9 5 6 7 4 8 2 5 6 9
5 3 8 0 9 5 6 7 7 2 8
5 3 8 1  0 1 9 5 6 8 5 5 8 7 3 4
5 3 8 1  1 1 9 5 6 9 5 6 4 3 8 3
5 381  2 1 9 5 7 0 4 4 8 3 9 5
5 3 8 1 3 1 9571 5 7 0 6 9 8
5381  4 1 9 5 7 2 5 7 2 6 9 7
5381  5 1 9 5 7 3 5 7 0 6 9 8
5 3 8 1  6 1 9 5 7 4 5 5 8 7 3 4
5 3 8 1  7 1 9 5 7 5 5 3 6 5 8 1
5 3 8 1  8 1 9 5 7 6 5 5 2 6 5 7
5 3 8 1  9 1 9 5 7 7 4 6 6 5 7 6
5 3 8 2 0 1 9 5 7 8 5 6 9 6 9 9
5 3 8 2 1 1 9 5 7 9 5 7 0 6 9 8
5 3 8 2 2 1 9 5 8 0 5 7 0 6 9 8
5 3 8 2 3 1 9581 5 6 9 3 9 3
5 3 8 2 4 1 9 5 8 2 5 4 9 3 9 6
5 3 8 2 5 1 9 5 8 3 2 2 3 3 4 3
5 3 8 2 6 1 9 5 8 4 2 9 3 1 3 8
5 3 8 2 7 1 9 5 8 5 2 1 6 3 4 1
5 3 8 2 8 1 9 5 8 6 6 1 0 7 5 4
5 3 8 2 9 1 9 5 8 7 2 6 4 3 3 0
5 3 8 3 0 1 9 5 8 8 5 6 4 3 9 3
5 3 8 3 1 1 9 5 8 9 5 6 2 6 6 9
5 3 8 3 2 1 9 5 9 0 5 7 0 6 9 8
5 3 8 3 3 1 9591 5 5 2 6 5 7
5 3 8 3 4 1 9 5 9 2 5 7 0 6 9 8
5 3 8 3 5 1 9 5 9 3 5 6 4 7 1 8
5 3 8 3 6 1 9 5 9 4 4 8 8 6 5 2
5 3 8 3 7 1 9 5 9 5 5 7 0 6 9 8
5 3 8 3 8 1 9 5 9 6 5 4 1 6 5 7
5 3 8 3 9 1 9 5 9 7 5 4 6 6 9 3
5 3 8 4 0 1 9 5 9 8 5 4 1 6 5 7
5 3 8 4 1 1 9 5 9 9 5 3 6 5 8 7
5 3 8 4 2 1 9 6 0 0 2 9 3 1 3 8
5 3 8 4 3 1 9601 5 3 6 5 8 7
5 3 8 4 4 1 9 6 0 2 5 4 7 6 8 9
5 3 8 4 5 19 6 03a &b 5 6 0 6 4 9
5 3 8 4 6 1 9 6 0 5 5 6 4 6 6 9
53848
53849
53850
53851
53852
53853
53854
53855
53856
53857
53858
53859
53860
53861
53862
53863
53864
53865
53866
53867
53868
53869
53870
53871
53872
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1 9606 
1 9607 
1 9608 
1 9609 
1 9610 
1 9611
19612
19613
19614
19615
19616
19617
19618
19619 
1 9620 
1 9621 
1 9622 
1 9623 
1 9624 
1 9625 
1 9626 
1 9627 
1 9628 
1 9629 
1 9630 
1 9631
551697
552697
565729
570698
559650
562666
570698
559650
557652
546693
547689
552702
543698
556706
550700
525677
454641
574680
541657
525677
564669
537393
602731
547689
547689
602731
Appendix 2
Analytical Techniques and the 
Normalisation of Mineral
Formula
All mineral chemistry data was obtained from the Cameca Microbeam at the 
Research School of Earth Sciences, Australian National University using both WDS and 
EDS with a accelerating voltage of 15kV. All individual mineral analysis for the 
ultramafic, mafic to intermediate and pelitic rocks are listed in appendix 3 as measured 
weight percent and calculated structural formula.
Structural formula calculations are based on cation distribution within crystal 
chemical limits. For most iron bearing minerals Fe2+/Fe3+ estimates are made. The 
rationale for the Fe^+ correction of standard electron probe analyses (with all Fe as FeO) 
is that many iron bearing phases typically contain both Fe2+ and Fe3+ which often have 
direct implications for the crystal chemistry and a realistic structural formula of a phase. 
The corrected analyses may not equal the true value but will approach it, constrained by 
crystal chemical limits. Another unknown in hydrous minerals is the H2O content and 
the possible chemical substitutions of O2" through oxidation-dehydroxylation reactions in 
amphiboles which again would have a direct effect on Fe2+/Fe3+ ratios and the crystal 
chemistry and substitutions of OH for F and Cl in amphiboles chlorites and mica 
(Hawthorne 1981, Guidotti 1984).
The Fe3+ correction for amphiboles is emphasised here due to its predominance and 
common zonation. The Fe3+ correction for other minerals of the ultramafic, mafic and 
intermediate rocks is by contrast less important with regard to their distribution and/or 
compositional variation. No Fe3+ correction was made for mineral analyses of the pelitic 
rocks on the basis of the poor constraint on calculated absolute Fe2+/Fe3+ values for the 
purpose of geothermometry. Jacobson (1989) indicates that large errors in Fe2+/Mg for 
the gamet-amphibole geothermometer result from Fe3+ corrected analyses and may also 
apply to other geothermometers.
Mineral phases within the ultramafic, mafic and intermediate amphibolites are listed 
below describing the proceedures used in the calculation of their structural formula:
-Amphibole; Two amphibole groups are recognised within the Fisher Terrane suite of 
rocks. These are predominantly calcic amphibole with minor iron-magnesium
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amphibole. Calculation of the structural formula according to a standard amphibole 
formula (Leake 1978, Hawthorne 1981, Robinson et al. 1982):
A0-lviii"xii B2vi'viii C5vi T8iv O22 (OH, O, F, Cl)2
is constrained by crystal-chemical limits imposed through restrictions on cation site 
allocation. These crystal-chemical limits follow those presented in Robinson et al. 1982 
and are listed in Table A p.l. A further constraint is the assumption of complete site 
occupancy with vacancies only permitted in the A site.
TABLE A2.1 Crystal-chemical limits on element site allocation.
Crystallographic site terminology in brackets
K A Site only
Na A site and B (M4) site only
Ca B (M4) site only
Mn C (Ml M2 M3) site and B (M4) site only
Fe2+ C (Ml M2 M3) site and B (M4) site only
Mg C (Ml M2 M3) site and B (M4) site only
Fe3+ C (Ml M2 M3) site
Ti C (M2) site
AI T site and C (M2) site
Si T site only
After Robinson et. al. (1982)
Cations are assigned to sites in the following order: T site assignments are firstly 
Si and then the required amount of Al then Fe3+ then Ti4+ to bring the site cation total to 
8. Excess Al, Fe3+ and Ti4+ plus Cr3+, Mg, Fe2+ and Mn in that order are assigned to 
the C sites up to a site cation total of 5. Any excess Mg, Fe2+ or Mn is assigned to the B 
site with Ca and Na to a site cation total of 2. Any excess Na is assigned with K to the A 
site to a site cation total not exceding 1.
If vacancies are present in any sites other than the A site or crystal chemical limits 
are exceded the analyses is rejected. Constraints on accepted analyses for vacancies and 
crystal-chemical limits are 0.03 on each side of ideal.
All calcic amphiboles were normalised to a cation total of 13 exclusive of Ca, Na 
and K (13exCNK) and a cation total of 15 exclusive of Na and K (15exNK). The 
13exCNK normalisation excludes Fe,Mn and Mg from the B site ruling out any Fe,Mg
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amphibole component. In contrast the 15exNK normalisation excludes Na and K from 
the B site maximising Mn, Fe and Mg in the B site.
Fe2+/Fe3+ values were calculated for each normalisation scheme through charge 
balancing of the normalised amphibole formulae i.e. to maintain charge balance an 
amount of the total Fe2+ equal to the amount of positive charge required to equal 46 (the 
balanced charge) is converted to Fe3+. A median formulae between the two 
normalisation schemes provides an Fe3+ value intermediate to a maximised estimate of 
Fe^+ and a minimum Fe3+ correction of the 13exCNK and 15exNK crystal chemical 
limiting schemes respectivly.
The choice of a median formulae for the calcic amphiboles was made in an effort to 
produce stoichiometrically correct formulae for all analyses under a single correction 
scheme. Thus on a comparative basis each corrected analysis is internally consistentent 
with the next and as such the relative compositional differences between the calcic 
amphiboles are real and not a function of different correction procedures. The 13exCNK 
and 15exNK normalisation schemes singlarly were not suitable for the complete range of 
calcic amphibole compositions.
Iron-magnesium amphiboles were normalised to a cation total of 15 exclusive of K 
(15exK). A number of these normalisations resulted in formula exceeding the all FeO 
chemical limit (as indicated by an excessive positive charge after charge balancing). For 
these analyses an all FeO assumption was made. The excessive positive charge of these 
normalisations is a result of the intial cation total being less than 15, though only by an 
order of one decimal place which on normalising to 15 increase the total cations and thus 
the charge.
The low cation totals around 15 for much of the iron-magnesium amphiboles is in 
part due to the small to zero levels of Na and K (other factors such as OH, O, Cl and F 
levels are discused below). As such the 15exNK normalisation (often used for Fe-Mg 
amphiboles) generally produces results little different from the 15exK scheme. However 
the 15exNK normalisation of analyses with Na present resulted in a greater number of 
formula exceeding the all FeO chemical limit. Thus the 15exK normalisation proved a 
better choice.
Classification and nomenclature of amphiboles follows that proposed by the 
International Mineralogical Association and presented in Leake (1978) and later reveiwed 
by Hawthorne (1981). The classification of amphiboles in this study are presented in 
Appendix 4.
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-Feldspar, Cordierite, Staurolite and Garnet; The structural formula for analyses of these 
phases are calculated with all iron assumed to be ferrous.
-Chlorite; Calculation of the structural formula for chlorite follows the procedure outlined 
in Laird and Albee (1981), appendix 1. Normalisation is based on the formula:
Ygv* Z4*v Oio (0 H ,0 ,F ,C l)g
with total cations to equal 10. The following assignments are made subsequent to 
normalisation: Aliv = 4 - Si; Alvi = Alxotal- Aliv; Fe3+ = AFV - Alvi - Cr - 2Ti (to 
maintain charge balance); Fe2+ = Fexotal - Fe3+. Site assignments are as follows: Y - 
A1V1, Mg Fe3+, Fe2+, Ti and Cr as well as any minor Ca, Na and K and; Z - Si and Aliv.
-Biotite; Biotite analyses were normalised to conform with the general standard formula:
Xxii Y3vi Z4iv Oio (OH, F, Cl)2
The structural formula with the all FeO assumption results in the Y3iv site exceding 
3 forcing octahedral components into the A site as well as total cations exceding 8. A 
preferable structural formula is obtained through normalising the analyses to a total of 7 
cations excluding Ca, Na and K. The following assignments are then made: Allv = 4 - 
Si; Alvi = Alxotal_ Aliv; Fe3+ =22 (ideal charge exclusive of the A site) - charge total of 
cations exclusive of Ca, Na and K; Fe2+ = F e jo ta l - Fe3+. Site assignments are as 
follows: X - K, Na and Ca; Y.-.Alvi, Fe3+, Ti, Mn, Mg and Fe2+ and; Z - Si and Aliv. 
However for the biotites within the pelitic to psammopelitic assemblages all iron was 
assumed to be ferrous.
Charge balancing for Fe3+ exclusive of the A site is due to the crystal chemistry of 
micas. The large positive charged cations of the A site occur in an interlayer position 
between the 2:1 layer sheets of the biotite with its charge equally distributed amongst the 
surronding basal oxygens. As such the A site cations do not contribute to the local 
charge balance of the 2:1 layers (Bailey 1984). However true local charge balance within 
the mica group is as often as not imbalanced as a result of cation ordering in both the 
tetrahedral and octahedral layers (Bailey 1984). Dispite this the normalised and charge 
balanced biotite analyses are more consistant within the constraints the generalised 
structural formula than a straight all FeO assumption.
-Talc; The normalisation and Fe3+ calculation used for biotite is also used for the talc 
analyses based on the formula:
Y3viZ4ivO io(O H )2
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Most Fe3+ calculations for talc produced small negative values all within 0.1 of 
zero and most within 0.05 of zero. For these analyses all Fe is assumed to be Fe2+ 
resulting in a small charge imbalance which is not inconsistent with the mica group as 
discused above. The above normalisation provides a better structural formula than an all 
FeO assumption which results in a high cation total with excess cations in both the 
tetrahedral and octahedral sites. Site assignments are as follows: Y.-.Alvi, Fe3+, Ti, 
Mn, Mg and Fe2+ and; Z - Si and Aliv. Minor K, Na or Ca maybe assigned to an 
interlayer X site.
-Pyroxene; Pyroxene analyses are normalised to 4 cations and trivalent iron calculated 
through charge balancing with the required charge to make up 12 converted to Fe3+. 
Normalisation and cation site allocation is based on the standard pyroxene formula:
Xvi-viii y v i Z2iv Of,
and follows the constraints of accepted analyses reveiwed by Robinson (1980): 
tetrahedral Si and A1 is greater than 1.979 and less than 2.021; octahedral Y site (Ml) 
cations, Alvi, Fe3+, Cr3+, Ti4+, Mg, Fe2+ and Mn total greater than 0.98; X (M2) site 
cations total greater than 0.979 and less than 1.021 and; charge imbalance is less than 
0.030 assuming no vacancies. This last constraint is only applied here for negative 
charge imbalance (exceding of the all FeO chemical limit). Positive charge imbalance is 
adjusted through conversion of total Fe to Fe3+. Assignments are as follows: Aliv = 2- 
Si; Alvi = Alxotal - Aliv; Fe3+ = 12 - total cation charge; Fe2+ = Fexotal - Fe3+.
-Epidote; Epidote analyses were normalised to a cation total of 8 and Fe3+ calculated 
through local charge balancing of the trivalent cations Al, Ti and Mn to a total of 
3.assuming all Mn and Ti are trivalent. Normalisation and cation site allocation is based 
on the standard group formula:
X2viii Y3viZ3iv (O, OH, F)i3
The following assignments are made: Aliv = 3 - Si; Alvi = Aljotal - A11V; Fe3+ = 3 
- Alvi - Ti - Mn; Fe2+ = Fexotal - Fe3+. Site assignments are as follows: X - Ca, Na, 
excess Fe2+ and Mn from the Y site; Y.-.Alvi, Fe3+, Ti, Mn, Mg and Fe^+ and; Z - Si 
and Aliv.
-Magnetite; Magnetite analyses are normalised to a cation total of 3 with Fe3+ calculated 
through charge balancing to a total cation charge of 8. The amount of charge required to 
bring the analyses charge up to 8 is converted to Fe3+. Corrected analyses are, within 
reasonable limits constrained to the formula:
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r 2+ r 3+2 0 4
Constraining limits on accepted analyses for cation site allocation according to the 
above structural formula are: for the R2+ site cation totals of Fe2+> Mn, Si and Ti are to 
be greater than 0.91 and less than 1.09 and for; the R3+ site total cations of Fe3+, A1 and 
Cr are to be greater than 1.91 and less than 2.09.
-Ilmenite; llmenite analyses are normalised to a cation total of 2. Calculation of Fe3+ is 
based on end member site assignment to the following stuctural formula:
r2+ R4+ o 3
End member allocations are: Si, A1 and Cr are assigned to the Fe R4+ O3 and Mn, 
Mg and Ca are assigned to R2+ Ti O3. If the remaining Fe is less than the remaining Ti 
then all Fe is Fe2+ according to Fe Ti O3. If the remaining Fe is Greater than the 
remaining Ti then Fe3+ = l-(Ti + Si + A1 + Cr) and Fe2+ = Fexotal -Fe3+.
Accepted analyses are constrained by site allocation to the above structural formula 
with the following limits: Mn, Mg, Ca and Fe2+ are assigned to the R2+ site with a 
cation total greater than 0.91 and less than 1.09 and; Si, Al, Cr, Ti and Fe3+ are assigned 
to R4+ with a cation total greater than 0.91 and less than 1.09. In addition the charge 
imbalance should be less than 0.09.
-Rutile; The small Fe content of rutile analyses is assumed to be all Ferrous. All rutile 
analyses are normalised to an ideal cation total of 1 according to structural formula:
R4+ o 2
-Sphene; Sphene analyses are normalised to a cation total of 3 according to the general 
formula:
XviiiYvi Ziv O4 (O, OH, F)
Assignments are as follows; Aliv = 3 - Si; Alvi = Alxotal * Aliv and; all iron is assumed 
to be trivalent. Site assignments are as follows: X - Ca, Na; Y.-.Alvi, Fe3+, Ti, Mn, 
Mg and Fe2+ and; Z - Si and Aliv. Excess major element occupancy in the X and 
tetrahedral sites does not take into account the prevalent substitution of rare earth elements 
into the 7 fold coordinated X site and substitutions within the octahedral site particularly 
of Ta and Nb.
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-Olivine; Olivine analyses are normalised to an ideal cation total of 3 according to the 
formula:
X2 ZO4
To maintain charge balance small amounts of Fe are converted to Fe3+ to bring 
charge total up to 8. Fe2+ = Festal - Fe3+. Formula constraints on accepted analyses 
have the following limits: Mg, Fe2+ and Mn cations assigned to the X site total no 
greater than 2.02 and no less than 1.98 and; Si and Fe3+ cations assigned to the Z site 
total no greater than 1.02 and no less than 0.08.
-Muscovite; Muscovite analyses were normalised to a cation total of 6 excluding Ca, Na 
and K to conform with the general standard formula:
X*» Y2vi Z4‘v O10 (OH, F, 0 )2
Appendix 3
M ineral Chemistry Data for the 
Pelitic and K 2 O -P 0 0 R  Assemblages
Sample numbers and grid reference locations are listed in Appendix 1.
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C O R D I E R I T E
P o ik ilo b la s t ic I Inclusion free I
S a m p le  
No. 5 3 8 1 4 53814 5 3 8 1 4 53814 53 81 4 53 81 4 53 81 4 53 8 1 4 53817 53817
S i02 4 8 .9 2 4 8 .7 4 4 8 .89 49.11 4 9 .2 4 48 .8 8 4 8 .9 8 4 8 .9 7 4 7 .46 4 5 .65
T i02 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00
a i2c>3 3 3 .0 5 3 3 .1 4 33 .2 7 3 3 .28 3 3 .43 3 3 .0 4 3 3 .1 7 3 3 .5 4 32 .1 9 3 0 .89
Cr203 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0
FeO 6.31 6 .1 7 6 .3 0 6.41 6 .08 6 .38 6 .15 5 .9 3 7 .1 0 6 .93
MnO 0.11 0 .00 0 .0 0 0 .00 0 .00 0 .00 0 .0 0 0 .0 0 0 .00 0 .00
MgO 9 .2 9 9 .2 4 9 .3 9 9 .1 3 9 .18 9 .19 9 .3 9 9 .5 3 8 .58 8 .30
CaO 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00
Na20 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0 0 .00 0 .00 0 .0 0 0 .00
K20 0 .0 0 0 .0 0 0 .00 0 .00 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
Total 9 7 .6 7 9 7 .29 97 .85 9 7 .93 97 .93 97 .50 9 7 .69 9 7 .9 7 9 5 .33 9 1 .77
Si 5 .0 2 5.01 5 .0 0 5 .0 2 5 .02 5 .0 2 5 .0 2 5 .0 0 5.01 5.01
Ti 0 .0 0 0 .00 0 .00 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0
A liv 0 .9 8 0 .99 1.00 0 .98 0 .9 8 0 .98 0 .99 1.00 0 .99 0 .99
A lvi 3.01 3 .0 3 3 .0 2 3 .0 4 3 .0 5 3 .0 2 3 .0 2 3 .0 3 3.01 3 .0 0
Or 0 .0 0 0 .00 0 .0 0 0 .00 0 .00 0 .00 0 .0 0 0 .0 0 0 .00 0 .00
Fe 0 .5 4 0 .53 0 .5 4 0 .55 0 .52 0 .55 0 .5 3 0.51 0 .63 0 .63
Mn 0.01 0 .00 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0 0 .0 0 0 .00 0 .00
Mg 1 .42 1.42 1 .43 1.39 1.40 1.41 1.43 1.45 1.35 1.36
Ca 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .00
Na 0 .0 0 0 .0 0 0 .00 0 .00 0 .00 0 .0 0 0 .00 0 .00 0 .0 0 0 .00
K 0 .0 0 0 .00 0 .00 0 .00 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0
Total 10 .99 10.98 10.99 10 .97 10 .97 10.98 10 .98 10 .99 10.99 11 .00
Sample
No. 5 3 8 1 3 53813 53 81 3
ST A U R O L I T E *
53813  53 81 3  53 81 3 53813 53 8 1 6 53816 53816
Si0 2 2 6 .5 6 2 6 .3 7 2 6 .38 2 6 .22 26 .2 4 2 6 .80 2 6 .5 7 2 6 .2 7 26.41 2 6 .60
Ti0 2 0 .1 3 0 .12 0 .1 5 0 .2 4 0 .28 0 .2 4 0 .1 6 0 .2 5 0 .28 0.31
Al203 5 3 .6 4 5 3 .8 9 54.31 5 4 .8 7 5 4 .00 53.61 5 3 .7 0 52 .7 5 5 2 .8 4 5 2 .52
Cr2C>3 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0 .00 0 .00
FeO 1 5 .34 15 .52 15 .57 15 .43 15.43 15.71 15 .47 14 .78 14 .45 14.65
MnO 0 .0 0 0 .00 0 .00 0 .00 0 .00 0 .0 0 0 .0 0 0 .00 0 .2 0 0 .1 3
MgO 0 .7 2 0 .80 0 .75 0 .7 4 0 .70 0 .77 0 .78 0 .98 1.08 1.19
CaO 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .00 0 .00 0 .0 0 0 .0 0 0 .00
Na20 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .00 0 .00 0 .5 9 0 .6 0 0 .4 4
K20 0 .0 0 0 .00 0 .0 0 0 .00 0 .00 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0
Total 9 6 .3 9 96 .70 97 .16 97 .50 96 .66 9 7 .13 9 6 .6 7 9 5 .6 2 9 5 .86 9 5 .84
Si 1 .9 7 1.95 1 .94 1.92 1.94 1.97 1.96 1.96 1 .97 1.98
Ti 0.01 0.01 0.01 0.01 0 .02 0.01 0.01 0.01 0 .0 2 0 .02
A liv 3 .0 3 3 .0 5 3 .0 6 3 .0 8 3 .0 6 3 .0 3 3 .0 4 3 .0 4 3 .0 3 3 .0 2
A lvi 1 .65 1.64 1.65 1.66 1.65 1.62 1.64 1.61 1.60 1.59
Cr 0 .0 0 0 .00 0 .00 0 .0 0 0 .00 0 .00 0 .0 0 0 .00 0 .0 0 0 .00
Fe 0 .9 5 0 .96 0 .96 0 .9 5 0 .96 0 .9 7 0 .9 6 0 .93 0 .9 0 0.91
Mn 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0 .0 0 0 .00 0.01 0.01
Mg 0 .0 8 0 .09 0 .08 0 .08 0 .0 8 0 .0 8 0 .08 0.11 0 .12 0 .1 3
Ca 0 .0 0 0 .0 0 0 .00 0 .00 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .00
Na 0 .0 0 0 .00 0 .0 0 0 .00 0 .00 0 .00 0 .00 0 .09 0 .0 9 0 .06
K 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .00 0 .00 0 .0 0 0 .0 0 0 .00
Total 7 .6 9 7 .70 7 .7 0 7 .7 0 7 .69 7 .69 7 .6 9 7 .7 5 7 .7 4 7 .73
Na values are apparent and reflect a secondary Zn peak (structural formulae not corrected)
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STAUROLITE GARNET
Sample
No. 53805 53805 53817 53817 53817 53817 53817 53817 53817
S i0 2 2 9 .69 2 7 .23 2 6 .7 9 S i0 2 37 .65 3 7 .55 3 6 .49 36 .4 8 36.91 3 6 .65
T i0 2 0.03 0.42 0.34 T i0 2 0.15 0.00 0.11 0.00 0.00 0.00
a i2o 3 49 .55 52.01 5 1 .66 a i2o 3 2 1 .35 2 1 .2 3 2 0 .59 2 0 .3 5 2 1 .00 2 1 .08
Cr20 3 0.00 0.00 0.00 Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00
FeO 13.82 14 .32 14 .55 FeO 37 .09 3 4 .0 7 3 6 .1 2 3 5 .1 8 3 6 .2 4 35 .58
MnO 0.19 0.22 0.00 MnO 1.90 2.01 1.81 1.81 1.80 1.87
MgO 1.31 1.15 1.88 MgO 3.24 3.80 2.81 3.31 3.16 3.50
CaO 0.09 0.00 0.00 CaO 1.33 2.18 1.39 1.67 1.5 1.27
Na20 0.15 0.03 0.00 Na20 0.00 0.00 0.00 0.00 0.00 0.00
K20 0.39 0.00 0.00 K20 0.00 0.00 0.00 0.00 0.00 0.00
Total 9 6 .22 96 .20 95.21 Total 102.71 100 .84 99 .32 98 .8 0 100.61 99 .95
Si 2.21 2.03 2.00 Si 2.96 2.98 2.97 2 .97 2.96 2.95
Ti 0.00 0.03 0.02 Ti 0.01 0.00 0.01 0.00 0.00 0.00
A r 2.79 2 .97 3.00 A r 0.04 0.02 0.0 0.03 0.04 0.051
AM 1.56 1.60 1.56 AM 1.94 1.97 1.94 1.93 1.95 1.95
o - 0.00 0.00 0.00 Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.86 0.89 0.91 Fe3 + 0.06 0.03 0.05 0.07 0.06 0.05
Mn 0.01 0.01 0.00 Fe2 + 2.38 2.23 2.41 2.33 2.37 2 .34
Mg 0.14 0.13 0.21 Mn 0.13 0.13 0.13 0.13 0.12 0.13
Ca 0.01 0.00 0.00 Mg 0.38 0.45 0.34 0.40 0.38 0.42
0.02 0.00 0.00 Ca 0.11 0.19 0.12 0.15 0.13 0.11
K 0.04 0.00 0.00 Na 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00
Total 7.64 7.66 7.70 Total 8.00 8.00 8.00 8.00 8.00 8.00
Sample
No. 53817 53817 53817
I
53817
G A R N E T
53817 53817 53816 53816 53816 53816
S i0 2 3 6 .5 8 3 6 .7 7 3 6 .8 7 35 .93 3 6 .67 3 6 .56 37.11 3 6 .8 3 37.01 3 6 .88
T i0 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ai2o 3 2 0 .5 9 2 1 .0 4 2 1 .0 5 20.71 21 .03 20.61 2 1 .08 2 0 .9 9 2 0 .9 8 21 .0 5
Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 34 .4 4 3 6 .5 0 3 5 .3 2 3 4 .66 3 5 .32 3 4 .12 31.11 31 .7 3 31 .42 29 .6 9
MnO 1.80 1.90 1.85 2.13 2.01 2.43 7.75 7.06 8.48 9.40
MgO 3.79 3.05 3.83 3.06 3.24 3.25 1.99 2.15 2.16 1.89
CaO 1.45 1.26 1.43 1.35 1.45 2.47 2.29 1.73 1.77 2.26
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.00 0.20
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98 .65 100.52 100.35 9 7 .84 99 .72 9 9 .44 101.49 100.49 101.82 101.37
Si 2.98 2.95 2.95 2.96 2.96 2.96 2.96 2.97 2.95 2.95
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A r 0.02 0.05 0.05 0.04 0.04 0.04 0.04 0.03 0.05 0.05
AM 1.95 1.95 1.93 1.97 1.96 1.92 1.94 1.97 1.92 1.93
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3 + 0.05 0.06 0.07 0.03 0.04 0.08 0.06 0.03 0.08 0.07
Fe2 + 2.29 2.40 2.30 2.36 2.35 2.23 2.02 2.11 2.01 1.92
Mn 0.12 0.13 0.13 0.15 0.14 0.17 0.52 0.49 0.58 0.64
Mg 0.46 0.37 0.46 0.38 0.39 0.39 0.24 0.26 0.26 0.23
Ca 0.13 0.11 0.12 0.12 0.13 0.21 0.20 0.15 0.15 0.19
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.03
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
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GARNET
Sample
No. 53816 53816 53816 53816 53816 53816
S i0 2 36.71 3 7 .12 37.31 3 6 .82 3 7 .28 37 .0 2
T i0 2 0.00 0.00 0.00 0.00 0.00 0.00
a i2o 3 21.11 2 1 .02 2 1 .2 3 21.11 2 1 .13 21 .0 9
Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00
FeO 29 .4 0 33 .0 8 33 .8 5 33 .4 4 3 3 .2 4 34.01
MnO 9.39 5.66 6.16 6.38 6.88 6.03
MgO 1.89 2.22 2.11 1.77 2.20 2.03
CaO 2.25 2.07 1.07 1.04 1.23 1.09
Na20 0.00 0.00 0.24 0.00 0.16 0.00
k 2o 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.75 101.17 101.97 100.56 102.12 101.27
Si 2.96 2.97 2.97 2.98 2.96 2.97
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Ar 0.04 0.03 0.03 0.02 0.04 0.03
AM 1.96 1.96 1.96 1.99 1.94 1.97
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.04 0.04 0.04 0.01 0.07 0.03
Fe2+ 1.94 2.17 2.21 2.26 2.14 2.26
Mn 0.64 0.39 0.42 0.44 0.46 0.41
Mg 0.23 0.27 0.25 0.21 0.26 0.24
Ca 0.19 0.18 0.09 0.09 0.10 0.09
Na 0.00 0.00 0.04 0.00 0.03 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.00 8.00 8.00 8.00 8.00 8.00
S a m p le  
No. 53817 53817
B I O T I T E
| Cordierite  inclusions  |
53814  53814  53814
Coarse  grained 
53814  53814 53814
| Coarse  grained 
53813  53813
S i0 2 3 5 .16 33 .46 36 .4 8 3 5 .85 3 5 .2 7 3 7 .26 36 .70 36.81 3 4 .96 3 4 .6 0
T i0 2 1.12 1.49 1.48 1.27 1.31 1.47 1.35 1.34 1.48 1.57
ai2o 3 17.37 17.02 19 .04 19.23 18 .76 18.48 19.26 19 .22 19.98 19 .80
Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 16.79 19.63 16 .55 15.65 17 .12 16 .37 15.91 15 .43 22.81 22.91
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 12.56 12.10 11 .98 11.83 13.98 12 .92 12.40 12 .68 7.53 7.53
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.26
K20 8.01 6.98 9.03 8.88 7.84 9.21 9.14 9.05 9.05 8.83
Total 9 1 .02 90 .69 94 .5 7 92 .70 9 4 .27 9 5 .70 94 .76 94 .5 3 95.81 95 .50
Si 3.00 2.91 2.99 2.99 2.90 3.02 2.99 3.00 2.92 2.91
Ti 0 .07 0.10 0.09 0.08 0.08 0.09 0.08 0.08 0.09 0.10
AI 1.75 1.74 1.84 1.89 1.82 1.76 1.85 1.85 1.97 1.96
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 1.20 1.43 1.13 1.09 1.18 1.11 1.08 1.05 1.59 1.61
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.60 1.57 1.46 1.47 1.72 1.56 1.51 1.54 0.94 0.94
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
K 0.87 0.77 0.95 0.94 0.82 0.95 0.95 0.94 0.96 0.95
Total 8.49 8.51 8.47 8.46 8.52 8.49 8.47 8.46 8.48 8.51
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BIO TITE
Sample Coarse  grained I Groundmass  (M -|)
No. 53813 53813 53813 53813 53816 53816 53816 53816 53816 53816
S i0 2 3 4 .98 3 5 .02 3 4 .7 7 34 .75 34.81 3 5 .2 4 35.01 3 5 .3 7 3 5 .60 3 5 .50
T i0 2 1.46 1.67 1.60 1.41 1.56 1.47 1.46 1.67 1.73 1.70
a i2o 3 19.95 2 0 .0 4 20 .1 3 19 .84 19 .02 19 .06 18 .62 19 .16 2 0 .03 18 .78
Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 2 2 .4 0 21 .35 2 2 .0 8 2 2 .50 20 .75 20.51 2 1 .30 21.11 19.91 2 1 .7 2
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 7.83 8.27 7.58 7.89 9.08 9.38 9.30 9.13 9.13 9.30
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na20 0.24 0.17 0.00 0.00 0.00 0.19 0.00 0.00 0.00 0.00
K20 9.11 8.88 9.07 8.82 9.20 9.18 9.32 9.32 9.35 9.26
Total 9 5 .98 95 .40 9 5 .23 95 .20 94 .43 95 .03 95 .02 9 5 .7 6 9 5 .74 96 .25
Si 2.92 2.92 2.92 2.92 2.93 2.95 2.94 2.94 2.94 2.94
Ti 0.09 0.11 0.10 0.09 0.10 0.09 0.09 0.11 0.11 0.11
AI 1.96 1.97 1.99 1.96 1.89 1.88 1.85 1.88 1.95 1.84
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 1.56 1.49 1.55 1.58 1.46 1.43 1.50 1.47 1.37 1.50
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.97 1.03 0.95 0.99 1.14 1.17 1.17 1.13 1.12 1.15
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.04 0.03 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00
K 0.97 0.94 0.97 0.95 0.99 0.97 1.00 0.99 0.98 0.98
Total 8.52 8.48 8.47 8.49 8.52 8.52 8.54 8.51 8.47 8.52
B IO TITE  
Sample Groundm ass 
No. 53816  53816 53817 53817
CHLORITE
M-i retrograde  phase 
53813  53813  53813  53813 53813
S i0 2 3 5 .3 4 35 .5 7 S i0 2 2 4 .23 2 3 .50 2 3 .4 8 23 .28 2 2 .9 3 24 .00 2 3 .3 7
T i0 2 1.57 1.64 T i0 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a i2o 3 19.49 19.49 a i2o 3 21 .49 2 1 .1 4 2 3 .56 23.41 2 3 .5 3 2 3 .9 7 2 3 .06
Cr20 3 0.00 0.00 Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 2 0 .4 0 2 0 .43 FeO 2 2 .8 7 22 .9 4 29.61 2 9 .49 2 9 .3 4 2 8 .66 2 9 .50
MnO 0.00 0.00 MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 9.61 9.48 MgO 16.74 15.96 11 .83 11.55 1 1 .44 11.86 11 .44
CaO 0.00 0.00 CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na20 0.00 0.17 Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K20 9.41 9.43 K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 9 5 .82 96.21 Total 85 .33 83 .53 88 .49 87 .74 87 .2 4 88 .49 87 .38
Si 2.93 2.94 Si 2.29 2.27 2 .14 2.14 2.12 2.20 2.16
Ti 0.10 0.10 Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AI 1.90 1.89 A r 1.71 1.73 1.86 1.86 1.88 1.80 1.84
Cr 0.00 0.00 Ar 0.68 0.67 0.68 0.69 0.69 0.78 0.67
Fe 1.41 1.41 cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 Fe3+ 1.03 1.07 1.18 1.17 1.19 1.02 1.17
Mg 1.19 1.17 Fe2+ 1.93 1.97 2.54 2.56 2.54 2.58 2.58
Ca 0.00 0.00 Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.03 Mg 2.36 2.30 1.61 1.59 1.58 1.62 1.58
K 1.00 0.99 Ga 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.52 8.53 Total 10.00 10.00 10.00 10.00 10 .00 10.00 10.00
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CHLORITE MUSCOVITE
S a m p le M ! retrograde phase I Groundm ass
No. 53813 53813 53813 53813 53813 53816 53814 53814 53814
S i0 2 2 3 .4 6 2 4 .05 2 3 .6 4 2 3 .4 4 2 3 .20 24 .1 7 S i0 2 4 5 .42 45 .08 45 .20
T i0 2 0.00 0.00 0.00 0.00 0.00 0.00 T i0 2 0.45 0.52 0.58
AI2O3 2 3 .7 6 2 3 .6 3 23 .6 8 2 3 .32 2 3 .36 2 2 .4 7 a i2o 3 3 4 .3 2 3 4 .1 7 3 4 .30
Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00 Cr20 3 0.00 0.00 0.00
FeO 2 9 .3 8 2 8 .1 7 29.41 2 9 .83 3 0 .16 26 .1 9 FeO 2.61 2.58 2.54
MnO 0.00 0.00 0.00 0.00 0.00 0.10 MnO 0.00 0.00 0.00
MgO 11.61 12.61 11 .93 11 .74 11 .57 14.73 MgO 0.00 0.00 0.00
CaO 0.00 0.00 0.00 0.00 0.00 0.00 CaO 0.00 0.00 0.00
Na20 0.00 0.00 0.00 0.00 0.00 0.00 NagO 0.81 0.70 0.77
K20 0.00 0.00 0.00 0.00 0.00 0.00 K20 9.72 9.66 9.95
Total 88.21 88 .46 8 8 .6 7 88 .32 88 .29 87 .66 Total 9 3 .3 3 9 2 .72 9 3 .34
Si 2.15 2.20 2.16 2.14 2.12 2.22 Si 3.08 3.08 3.08
Ti 0.00 0.00 0.00 0.00 0.00 0.00 Ti 0.02 0.03 0.03
A r 1.85 1.80 1.85 1.86 1.88 1.78 A r 2.75 2.75 2.75
AM 0.72 0.74 0.70 0.66 0.64 0.66 AM 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 Cr 0.00 0.00 0.00
Fe3+ 1.13 1.06 1.15 1.20 1.24 1.12 Fe 0.15 0.15 0.14
Fe2+ 2.56 2.48 2.53 2.54 2.54 2.20 Mn 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.01 Mg 0.00 0.00 0.00
Mg 1.59 1.72 1.62 1.60 1.58 2.02 Ca 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 Na 0.12 0.10 0.11
Na 0.00 0.00 0.00 0.00 0.00 0.00 K 0.92 0.93 0.95
K 0.00 0.00 0.00 0.00 0.00 0.00
Total 10 .00 10.00 10 .00 10.00 10.00 10.00 Total 7 .04 7.03 7.06
MUSCOVITE
Sample
No. 53814 53817 53817 53817
PLAGIOCLASE  
53817 53817 53814 53813 53813
S i0 2 45.21 S i0 2 5 9 .49 61 .53 62 .29 58 .36 60 .73 5 8 .29 57 .90 5 7 .82
T i0 2 0.44 T i0 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a i2o 3 3 4 .72 a i2o 3 2 4 .2 9 2 3 .63 25 .16 2 3 .6 4 2 4 .49 2 5 .8 6 2 6 .45 2 6 .72
Cr20 3 0.00 Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 2.06 FeO 0.11 0.00 0.15 0.00 0.00 0.00 0.00 0.00
MnO 0.00 MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 0.00 CaO 6.47 5.34 6.10 5.91 6.21 7.69 8.67 8.39
Na20 0.81 Na20 7.70 8.38 8.83 7.61 8.03 7.17 6.69 6.69
K20 9.76 K20 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.49
Total 92 .99 Total 98 .05 98 .88 102.54 9 5 .52 99 .46 9 9 .0 0 99 .78 100.11
Si 3.07 Si 2.70 2.76 2.71 2.71 2.71 2.63 2.60 2.59
Ti 0.02 Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ar 2.78 Ar 0.30 0.25 0.30 0.29 0.29 0.37 0.40 0.41
AM 0.00 AM 1.00 1.00 0.99 1.01 1.00 1.00 0.99 1.00
Cr 0.00 cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.12 Fe 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Mn 0.00 Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 Ca 0.31 0.26 0.28 0.29 0.30 0.37 0.42 0.40
Na 0.12 hä 0.68 0.73 0.74 0.69 0.70 0.63 0.58 0.58
K 0.93 K 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03
Total 7.05 Total 4.99 4.99 5.02 4.99 4.99 5.00 5.00 5.01
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PLAGIOCLASE GEDRITE
Sample
No. 53816 53816 53817 53817 53817 53817 53817 53817 53817
Si02 57.82 61.35 S i02 40.81 40.34 41.11 40.76 42.05 41.01 42.04
Ti02 0.00 0.00 Ti02 0.00 0.12 0.09 0.18 0.00 0.09 0.00
AI2O3 26.72 24.01 ai2o 3 17.50 17.43 17.12 16.87 15.66 17.98 15.85
Cr20 3 0.00 0.00 Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 0.00 0.00 FeO 26.00 25.81 26.36 25.89 25.87 26.18 26.04
MnO 0.00 0.00 MnO 0.42 0.33 0.42 0.46 0.61 0.35 0.36
MgO 0.00 0.00 MgO 10.81 10.79 11.17 10.75 11.42 10.81 11.35
CaO 8.39 5.74 CaO 0.20 0.20 0.29 0.36 0.26 0.31 0.30
NaaO 6.69 8.32 Na20 1.60 1.85 1.66 1.84 1.57 1.92 1.53
K20 0.49 0.00 K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.11 99.43 Total 97.34 96.94 98.20 97.10 97.43 98.64 97.47
Si 2.59 2.74 Si 6.13 6.10 6.12 6.17 6.31 6.10 6.31
Ti 0.00 0.00 Ti 0.00 0.01 0.01 0.02 0.00 0.01 0.00
A r 0.41 0.26 AT 1.87 1.90 1.88 1.84 1.69 1.90 1.70
AM 1.00 1.00 AM 1.22 1.21 1.13 1.17 1.08 1.25 1.10
Cr 0.00 0.00 a 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 Fe3+ 0.18 0.11 0.24 0.07 0.16 0.08 0.14
Mn 0.00 0.00 Fe2+ 3.09 3.15 3.04 3.20 3.09 3.17 3.12
Mg 0.00 0.00 Mn 0.05 0.05 0.05 0.06 0.08 0.05 0.05
Ca 0.40 0.27 Mg 2.42 2.44 2.48 2.43 2.55 2.39 2.54
Na 0.58 0.72 C& 0.04 0.04 0.05 0.06 0.05 0.05 0.05
K 0.03 0.00 Na 0.47 0.55 0.49 0.55 0.45 0.56 0.45
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.01 4.99 Total 15.47 15.55 15.49 15.55 15.45 15.56 15.45
Na* 0.47 0.55 0.49 0.55 0.45 0.56 0.45
N a ^ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NaA+K 0.47 0.55 0.49 0.55 0.45 0.56 0.45
Mg 0.44 0.44 0.45 0.43 0.45 0.43 0.45
Appendix 4
Classification of Amphiboles
The classification of amphiboles from this study follows the scheme of Leake (1978) and 
Hawthorne (1981). The most widely ranging amphibole compositions are the calcic 
amphiboles. The range and classification of these are shown on the following 
classification diagrams.
Mafic Assemblage Amphiboles
(K+Na)A <0.50; Ti<0.50
Mg
Mg+Fe2+
Magnesio-Homblende
Tscbermakilic
8 o°V
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Fig. A4.1 Compositional range and Classification of the zoned calcic 
amphiboles within the mafic assemblages.
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Ultramafic Assemblage Amphiboles
( K + N a ) A  <0.50; Ti<0.50
Mg
Mg+Fe2+
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Hornblende Tiemolite o
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Fig. A4.2 Compositional ranges and classification of the zoned calcic 
amphiboles within the ultramafic assemblages.
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Mount Willing Gabbro Amphiboles
(K+Na)A <0.50; Ti<0.50
Mg
Mg+Fe2+
Tschermakite
Tschermaidtic
Hornblende
o
Magncsio Hornblende
♦
o
o
0 °
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Fig. A4.3 Compositional range and classification of calcic amphibole
zonation associated with alteration of clinopyroxene within the 
Mount Willing olivine gabbronorite.
(K+Na)A >0.50; Ti<0.50; Fe3+<Alvi
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Fig. A4.4 Classification of calcic amphibole coronas on orthopyroxene
inner corona (open cicles) and calcic amphibole rimming Fe-Mg 
amphibole after olivine (pluses) within the Mount Willing 
Gabbro.
Appendix 5
M ineral Chemistry Data for the 
Ultramafic and M afic 
Assemblages
Sample numbers and grid reference locations are listed in Appendix 1.
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Appendix 6
Whole Rock Geochemical Data
Whole rock chemical analysis were obtained using X-ray fluorescence techniques from 
the Australian Geological Survey Organization (AGSO) and the Geology Department, 
Australian National University. Additional unpublished analysis (Asterixed) for the 
Mount Willing Gabbro and the northern meta-granodiorite body on Fisher Massif were 
provided by J. W. Sheraton of the Australian Geological Survey Organization (AGSO). 
See Appendix 1 for analyses sample numbers and the grid reference.
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U ltram afic  M eta-Volcan ics l S il ls
Sample No 53834 FM 13c FM 13b
Analysis No 1 2 3
S i02 47.69 44.06 46.37
T i02 0.56 0.25 0.37
Al2 0 3 8.10 7.70 9.15
Fe2C>3 2.45 2.52 2.70
FeO 6.52 5.79 7.08
MnO 0.15 0.15 0.19
MgO 18.44 16.47 19.54
CaO 10.65 11.98 8.93
Na20 1.15 0.32 0.51
K20 0.11 0.03 0.05
P 2 O 5 0.20 0.07 0.08
LOI 3.90 10.47 5.00
Rest 0.53 0.41 0.43
Total 100.45 100.22 100.42
Trace Elements, ppm
Ba 14 5 5
Rb 1 <1 <1
Sr 46 39 14
Pb <2 <2 <2
Th <2 2 <2
U 1 <0.5 1.5
Zr 44 25 28
Nb 4 <2 <2
Y 11 7 8
La 7 <2 4
Ce 20 6 <5
Nd 10 <2 <2
Pr 2 <2 <2
Sc 32 32 30
V 182 144 166
Cr 2530 1779 1931
Ni 620 654 646
Cu 36 3 14
Zn 76 88 128
Sn <2 <2 <2
Mo <2 <2 <2
Ga 8 6 9
As 1 <0.5 1
S 90 160 40
Bi <2 <2 <2
Hf 2 <2 <2
Ta <2 <2 <2
Cs <3 4 <3
Ge 1.5 1 1
Se <1 <1 <1
mg 0.62 0.61 0.61
Ti/P 3.85 4.91 6.35
P/Ce 43.64 50.92
K/Rb 913.16
K/Ba 65.23 49.81 83.02
K/Zr 20.75 9.96 14.82
Rb/Sr 0.02
Ti/Zr 76.30 59.95 79.22
Zr/Nb 11.00
Ce/Y 1.82 0.86
FM14i F77 F78 53891
4 5 6 7
50.54 51.42 47.32 48.32
0.44 0.25 0.28 0.31
10.74 4.88 8.88 7.08
2.45 1.17 2.05 3.39
8.01 7.26 7.67 7.51
0.22 0.17 0.17 0.21
11.99 20.14 18.45 18.18
11.24 11.09 9.94 11.16
1.46 0.16 0.73 0.47
0.46 0.04 0.14 0.18
0.10 0.03 0.05 0.10
2.33
0.35
100.33 97.43 96.58 97.76
189 <2 25 25
9 <1 2 <1
43 14 56 58
<2 <1 <1 1
<2
<0.5
51 12 17 25
2 <1 <1 <1
21 5 7 9
5 1.5 3.6 7
18 <2 <2 8
10
<2
37
186 177 143 138
1447 3210 2290 1250
274 430 369 270
3 12 80 6
174 89 88 84
<2
3
13
<0.5
30 0.01 0.05 0.02
<2
<2
<2
<3
1
<1
0.48 0.65 0.60 0.57
6.04 11.45 7.69 4.26
24.25 54.55
424.30 581.10
20.21 46.49 59.77
74.88 27.67 68.37 59.77
0.21 0.04
51.72 124.90 98.74 74.34
25.50
0.86 0.89
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Mafic Meta-Volcanics
Sample No F38 FM1d 53821 53832 FM 7c FM 7m FM 10d
Analysis No 8 9 10 11 12 13 14
Si02 53.09 51.41 48.87 49.82 46.68 51.05 45.23
Ti02 0.84 1.68 1.03 1.10 1.90 0.97 1.60
ai2o3 16.19 14.36 16.67 14.56 12.96 18.16 17.53
Fe20 3 3.53 4.14 2.23 2.82 3.72 2.43 4.92
FeO 6.72 9.12 6.68 7.58 6.33 6.72 9.50
MnO 0.17 0.16 0.12 0.14 0.30 0.15 0.21
MgO 5.33 5.48 8.01 9.43 9.99 4.68 4.75
CaO 9.66 8.46 11.62 8.34 13.00 10.03 10.76
Na20 2.25 3.39 2.73 3.98 1.63 3.35 2.40
K20 0.64 0.16 0.15 0.24 0.41 0.35 0.35
P2O5 0.23 0.13 0.10 0.15 0.56 0.22 0.34
LOI 1.55 1.66 2.09 2.28 1.85 2.01
Rest 0.19 0.24 0.20 0.26 0.22 0.31
Total 99.44 100.23 100.11 100.45 100.02 100.18 99.91
Trace Elements, ppm
Ba 210 30 104 30 32 129 82
Rb 11 1 2 3 10 6 6
Sr 654 206 288 228 232 586 371
Pb 4 <2 <2 3 7 4 <2
Th <2 <2 <2 4 <2 <2
U <0.5 1 <0.5 1 1 <0.5
Zr 44 94 48 74 123 68 41
Nb 2 4 3 4 60 3 3
Y 11 23 15 17 22 15 24
La 9 5 <2 6 29 10 <2
Ce 22 15 15 15 49 23 20
Nd 9 6 10 27 14 12
Pr 4 <2 <2 8 2 <2
Sc 46 51 44 38 38 45
V 372 589 268 320 199 348 401
Cr 68 23 613 320 517 38 3
Ni 17 69 106 114 187 19 9
Cu 214 42 123 131 <1 80 91
Zn 106 68 63 78 301 101 121
Sn <2 <2 <2 <2 <2 <2
Mo 3 3 2 3 2 3
Ga 17 14 18 17 21 20
As 1 0.5 <0.5 1 1 1
S 0.05 30 20 3 10 150 1340
Bi <2 <2 <2 <2 <2 <2
Hf <2 <2 3 4 3 <2
Ta <2 <2 <2 <2 <2 <2
Cs <3 <3 <3 <3 <3 <3
Ge 2 1.5 0.5 <0.5 <0.5 1
Se <1 <1 <1 <1 <1 <1
mg 0.30 0.25 0.42 0.42 0.45 0.29 0.21
Ti/P 5.02 17.75 14.15 10.07 4.66 6.06 6.46
P/Ce 45.63 37.82 29.10 43.64 49.88 41.75 74.19
K/Rb 483.00 1328.00 622.61 664.12 340.36 484.25 484.25
K/Ba 25.30 44.28 11.97 66.41 106.36 22.52 35.43
K/Zr 120.75 14.13 25.94 26.92 27.67 42.73 70.87
Rb/Sr 0.02 0.01 0.01 0.01 0.04 0.01 0.02
Ti/Zr 114.45 107.15 128.64 89.12 92.61 85.52 233.95
Zr/Nb 22.00 23.50 16.00 18.50 2.05 22.67 13.67
Ce/Y 2.00 0.65 1.00 0.88 2.23 1.53 0.83
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Mafic Meta-Volcanics
Sample No FM 13h FM 14f FM 1b FM 1i FM 13f FM 7n FM 10b
Analysis No 15 16 17 18 19 20 21
Si02 45.76 55.61 50.82 51.32 53.50 48.55 54.89
Ti02 2.85 0.64 0.93 1.42 2.46 0.72 1.30
AI2C>3 15.88 16.95 14.76 13.44 15.25 16.08 17.61
Fe2C>3 3.55 2.65 2.69 5.71 4.38 3.22 4.49
FeO 10.05 5.16 8.08 8.14 7.25 7.77 5.00
MnO 0.20 0.14 0.16 0.16 0.13 0.14 0.13
MgO 6.76 4.71 7.44 5.81 3.38 7.36 3.14
CaO 8.90 8.35 9.95 8.53 5.86 10.95 8.47
Na20 3.06 3.47 3.25 3.36 3.33 2.76 3.38
K20 0.66 0.46 0.12 0.15 1.82 0.36 0.15
P 2O 5 0.31 0.14 0.08 0.13 0.67 0.11 0.25
LOI 2.13 1.85 1.67 1.79 1.68 1.92 1.17
Rest 0.20 0.18 0.16 0.19 0.34 0.20 0.19
Total 100.31 100.31 100.11 100.15 100.05 100.14 100.17
Trace Elements, ppm
Ba 95 152 29 69 689 60 62
Rb 13 9 1 1 57 6 5
Sr 360 264 252 211 415 299 473
Pb 2 <2 3 <2 4 <2 4
Th <2 <2 <2 <2 6 <2 <2
U <0.5 <0.5 0.5 <0.5 1 <0.5 <0.5
Zr 201 120 55 109 322 31 97
Nb 11 3 <2 5 21 <2 4
Y 34 31 20 43 50 13 12
La 12 8 2 3 25 <2 5
Ce 33 20 9 15 56 11 21
Nd 23 18 5 7 38 5 10
Pr 4 <2 <2 <2 7 <2 3
Sc 35 34 53 55 23 50 23
V 332 159 335 392 204 339 205
Cr 45 24 159 51 2 300 6
Ni 79 31 72 47 11 62 8
Cu 2 113 49 142 35 46 93
Zn 124 90 67 110 108 112 61
Sn <2 <2 <2 <2 4 <2 <2
Mo 2 <2 <2 4 4 2 3
Ga 21 15 14 17 21 17 20
As <0.5 1 <0.5 1 <0.5 <0.5 1
S 30 360 20 90 790 90 380
Bi <2 <2 <2 <2 <2 <2 <2
Hf 5 2 <2 3 7 <2 <2
Ta <2 <2 <2 <2 <2 <2 <2
Cs <3 <3 <3 <3 <3 <3 <3
Ge 1.5 1 1 1 1.5 1.5 2
Se <1 <1 <1 <1 <1 <1 <1
mg 0.28 0.33 0.36 0.25 0.19 0.35 0.21
Ti/P 12.63 6.28 15.97 15.01 5.04 8.99 7.14
P/Ce 41.00 30.55 38.79 37.82 52.22 43.64 51.96
K/Rb 421.46 424.30 996.18 1245.22 265.06 498.09 249.04
K/Ba 57.67 25.12 34.35 18.05 21.93 49.81 20.08
K/Zr 27.26 31.82 18.11 11.42 46.92 96.40 12.84
Rb/Sr 0.04 0.03 0.01 0.14 0.02 0.01
Ti/Zr 85.01 31.97 101.37 78.10 45.80 139.24 80.35
Zr/Nb 18.27 40.00 21.80 15.33 24.25
Ce/Y 0.97 0.65 0.45 0.35 1.12 0.85 1.75
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Felsic Meta-Volcanics
Sample No FM 13j F22 FM 7a FM 7b FM 7I FM 7g FM 7o
Analysis No 22 23 24 25 26 27 28
Si02 65.37 65.63 64.88 61.53 62.26 65.69 64.20
Ti02 0.57 0.91 0.91 0.99 0.70 0.53 0.57
AI2C>3 15.82 14.78 14.74 15.99 14.61 13.00 13.29
Fe203 2.49 1.29 2.27 2.71 2.39 2.17 2.34
FeO 3.12 3.73 2.73 4.08 4.85 3.09 3.39
MnO 0.12 0.29 0.13 0.11 0.10 0.07 0.07
MgO 1.11 2.10 1.88 3.32 4.07 2.87 3.73
CaO 4.27 2.80 3.67 2.80 6.13 5.44 5.58
Na20 4.14 4.01 4.38 3.61 2.71 0.89 3.89
k2o 1.12 1.75 2.18 2.79 0.51 2.69 0.45
p2o5 0.18 0.23 0.25 0.23 0.11 0.09 0.09
LOI 1.27 1.49 1.67 1.62 3.19 2.22
Rest 0.20 0.23 0.17 0.14 0.16 0.15
Total 99.78 97.99 99.74 100.00 100.20 99.88 99.97
Trace Elements, ppm
Ba 581 590 1049 453 58 368 111
Rb 29 30 41 59 10 49 8
Sr 385 175 195 141 250 139 293
Pb 2 6 6 11 4 5 7
Th 2 3 3 <2 2 <2
U <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Zr 214 197 196 181 135 134 124
Nb 8 9 11 6 8 5 3
Y 34 31 35 34 23 19 21
La 23 19 17 21 12 11 10
Ce 44 42 41 47 24 19 25
Nd 23 19 27 14 9 14
Pr 8 5 3 3 3 <2
Sc 19 14 21 28 19 26
V 7 35 46 117 170 126 149
Cr 2 14 1 11 69 126 137
Ni 4 4 3 10 25 36 37
Cu 4 3 4 30 69 67 44
Zn 62 127 111 129 73 56 59
Sn 2 <2 2 2 <2 2
Mo <2 <2 <2 2 <2 <2
Ga 16 16 18 15 12 14
As 1.5 <0.5 1 0.5 0.5 0.5
S 200 0.04 120 10 60 10 70
Bi <2 <2 <2 <2 <2 <2
Hf 5 6 6 5 5 3
Ta <2 <2 <2 <2 <2 <2
Cs <3 9 <3 <3 <3 <3
Ge 1.5 1.5 1 2 1 1.5
Se <1 1 <1 <1 <1 <1
mg 0.14 0.25 0.23 0.28 0.31 0.31 0.35
Ti/P 4.35 5.44 5.00 5.91 8.74 8.09 8.70
P/Ce 17.85 23.90 26.61 21.36 20.00 20.67 15.71
K/Rb 320.61 484.25 441.40 392.56 423.38 455.73 466.96
K/Ba 16.00 24.62 17.25 51.13 73.00 60.68 33.66
K/Zr 43.45 73.74 92.33 127.96 31.36 166.65 30.13
Rb/Sr 0.08 0.17 0.21 0.42 0.04 0.35 0.03
Ti/Zr 15.97 27.69 27.83 32.79 31.09 23.71 27.56
Zr/Nb 26.75 21.89 17.82 30.17 16.88 26.80 41.33
Ce/Y 1.29 1.36 1.17 1.38 1.04 1.00 1.19
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F elsic M eta-Volcanics M eta-G abbro
Sample No FM 7i FM 11a F54 71280031* W9 73281650
Analysis No 29 30 31 32 33 34
S i02 64.20 64.25 61.57 56.10 48.02 56.40
Ti02 0.54 0.52 0.69 0.86 0.19 0.68
AI2C>3 13.02 14.51 15.59 16.76 22.38 15.74
Fe2C>3 1.75 1.37 2.57 3.29 1.56 1.98
FeO 4.18 4.32 3.76 4.77 4.94 5.65
MnO 0.09 0.09 0.10 0.15 0.10 0.14
MgO 2.56 3.57 3.11 3.66 7.12 5.12
CaO 6.11 5.75 5.65 7.56 11.12 8.23
Na20 1.54 3.46 2.99 3.07 2.73 2.90
k2o 1.80 0.36 2.23 1.37 0.33 1.44
p 2o 5 0.09 0.08 0.23 0.26 0.02 0.29
LOI 3.72 1.58 1.90 1.00
Rest 0.15 0.11 0.23 0.23
Total 99.75 99.97 98.95 99.98 99.27 99.80
Trace Elements, ppm
Ba 309 50 560 495 75 522
Rb 31 29 85 38 9 47
Sr 156 186 522 611 499 522
Pb 4 7 21 11 1 8
Th <2 <2 4 5
U <0.5 <0.5 2 1
Zr 129 93 122 82 <1 79
Nb 4 4 7 5 <1 4
Y 20 24 16 17 3 18
La 5 12 20 13 2 14
Ce 22 25 44 31 <2 36
Nd 11 15 18
Pr <2 3
Sc 26 24
V 136 139 156 225 69 218
Cr 144 102 65 34 113 112
Ni 37 26 14 11 96 33
Cu 15 6 149 137 31 57
Zn 60 48 70 79 48 78
Sn 2 9
Mo 3 <2
Ga 12 13 18 16
As 0.5 0.5
S 20 40 0.04 0.2
Bi <2 <2
Hf 6 2
Ta 3 <2
Cs 4 <3
Ge 1.5 1
Se <1 <1
m g 0.26 0.33 0.28 0.27 0.47 0.35
Ti/P 8.24 8.93 4.12 4.54 13.05 3.22
P/Ce 17.85 13.97 22.81 36.60 35.16
K/Rb 482.02 103.05 217.79 299.29 304.39 254.34
K/Ba 48.36 59.77 33.06 22.98 36.53 22.90
K/Zr 115.83 32.14 151.74 138.70 151.32
Rb/Sr 0.20 0.16 0.16 0.06 0.02 0.09
Ti/Zr 25.10 33.52 33.91 62.88 51.60
Zr/Nb 32.25 23.25 17.43 16.40 19.75
Ce/Y 1.10 1.04 2.75 1.82 2.00
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M e t a - Q u a r t z D i o  r i t e M e t a - G r a n o d i o r i t e
Sample No FM 5 FM 10c FM 11b FM 14b N22 FM 3f
Analysis No 35 36 37 38 39 40
S i0 2 72.20 75.44 69.18 72.95 73.21 67.70
T i02 0.32 0.25 0.74 0.52 0.03 0.49
AI2C>3 13.62 12.64 14.38 13.21 14.56 14.99
Fe2Ü3 1.33 0.74 1.05 1.25 0.49 1.86
FeO 1.60 1.96 2.83 1.89 0.66 1.30
MnO 0.07 0.02 0.05 0.07 0.09 0.07
MgO 0.56 0.43 1.61 0.69 0.14 1.01
CaO 2.53 2.04 2.04 3.47 0.92 2.82
Na20 4.42 4.08 4.89 4.01 4.32 3.91
k2o 1.71 1.19 1.83 0.49 3.80 3.59
P2O5 0.08 0.01 0.17 0.09 0.06 0.16
LOI 1.25 1.10 1.10 1.16 1.93
Rest 0.15 0.13 0.18 0.14 0.28
Total 99.84 100.03 100.05 99.94 98.38 100.11
Trace Elements, ppm
Ba 612 502 621 298 830 1372
Rb 35 24 34 10 122 126
Sr 231 193 221 322 181 390
Pb 2 2 15 <2 22 9
Th 5 <2 3 <2 6
U <0.5 <0.5 1 1 2
Zr 133 168 244 319 48 181
Nb 8 <2 11 1 1 7 8
Y 32 2 42 23 6 19
La 22 4 15 9 16 17
Ce 49 10 38 20 32 38
Nd 21 <2 22 14 22
Pr 6 <2 4 3 5
Sc 12 2 15 14 9
V 15 9 28 18 <1 48
Cr 3 3 1 2 10 5
Ni 3 4 4 3 <1 5
Cu 2 13 5 3 2 2
Zn 49 21 45 45 48 30
Sn <2 <2 5 2 2
Mo <2 <2 <2 <2 <2
Ga 15 12 17 14 15
As 1 <0.5 1 1 <0.5
S 30 140 120 20 0.02 60
Bi <2 <2 <2 <2 <2
Hf 3 4 7 6 6
Ta <2 <2 <2 <2 <2
Cs <3 <3 5 <3 <3
Ge 1.5 0.5 <0.5 1 1
Se <1 <1 <1 <1 <1
mg 0.13 0.11 0.25 0.15 0.09 0.21
Ti/P 5.50 34.34 5.98 7.94 0.69 4.21
P/Ce 7.13 4.36 19.52 19.64 8.18 18.38
K/Rb 405.59 411.62 446.81 406.77 258.57 236.53
K/Ba 23.20 19.68 24.46 13.65 38.01 21.72
K/Zr 106.73 58.80 62.26 12.75 657.20 164.65
Rb/Sr 0.15 0.12 0.15 0.03 0.67 0.32
Ti/Zr 14.42 8.92 18.18 9.77 3.75 16.23
Zr/Nb 16.63 22.18 29.00 6.86 22.63
Ce/Y 1.53 5.00 0.91 0.87 5.33 2.00
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Meta-Granodiorites
Sample No 73281647* 73281597* 71280028
Analysis No 41 42 43
S i0 2 65.30 69.20 68.30
Ti02 0.40 0.49 0.37
AI2O 3 16.41 14.56 14.96
Fe2Ü 3 1.93 1 .12 2.45
FeO 2.30 2 .0 0 1.31
MnO 0.09 0.08 0.03
MgO 1 .6 8 0.93 0 .1 0
CaO 4.61 2.71 0.89
Na2 0 3.65 3.60 2.90
k2o 2.04 3.89 7.20
P2O 5 0.16 0.15 0.02
LOI 1.05 0.76 0.73
Rest 0.21 0.25 0.29
Total 99.83 99.74 99.55
Trace Elements, ppm
Ba 641 1120 693
Rb 83 179 92
Sr 630 331 106
Pb 13 10 25
Th 6 16 35
U 2 2 2
Zr 105 186 729
Nb 4 10 4
Y 12 25 18
La 7 23 101
Ce 25 51 431
Nd 71
Pr
Sc
V 85 45 <1
Cr 17 8 <3
Mi 9 4 4
Cu 36 73 4
Zn 57 41 45
Sn <1 2 <1
Mo
3a 16 15 19
<\s
S
Bi
Hf
Ta
Cs
Ge
Se
mg 0.24 0.19 0.02
Ti/P 3.43 4.49 25.41
P/Ce 27.93 12.84 0.20
K/Rb 204.04 180.41 649.68
K/Ba 26.42 28.83 86.25
K/Zr 161.29 173.62 81.99
Rb/Sr 0.13 0.54 0.87
Ti/Zr 22.84 15.79 3.04
Zr/Nb 26.25 18.60 182.25
Ce/Y 2.08 2.04 23.94
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M eta-Sed im ents  Granodiorite  Enclave
Sample No 53820 FM 7d 53822 53805 FM 7e FM 3fx
Analysis No 44 45 48 46 46 49
Si02 52.52 62.44 57.69 55.02 35.17 54.37
Ti02 1.64 0.94 1.45 0.90 0.29 1.36
AI2C>3 16.54 15.92 12.81 21.84 6.75 15.76
Fe2C>3 2.58 1.49 2.16 2.41 0.58 3.95
FeO 9.52 4.50 8.53 7.55 1.96 3.99
MnO 0.20 0.08 0.18 0.05 0.07 0.20
MgO 3.30 2.95 7.58 3.46 1.32 2.81
CaO 9.53 3.02 4.15 1.42 27.85 5.60
Na20 2.04 4.00 3.24 0.50 1.38 4.39
K20 0.48 2.42 0.08 3.74 1.25 2.76
P 2 O 5 0.34 0.18 0.18 0.12 0.07 0.44
LOI 1.38 2.01 1.86 2.79 22.88 4.11
Rest 0.19 0.17 0.18 0.19 0.10 0.24
Total 100.28 100.12 100.09 99.99 99.67 99.98
Trace Elements, ppm
Ba 106 399 27 473 175 566
Rb 10 50 2 92 33 160
Sr 400 123 126 109 121 342
Pb 3 6 4 21 <2 8
Th <2 2 2 3 <2 11
U <0.5 1 <0.5 <0.5 <0.5 2
Zr 209 221 109 282 151 153
Nb 12 10 6 12 6 18
Y 37 36 23 34 25 48
La 20 14 12 17 12 25
Ce 47 31 27 41 23 66
Nd 26 19 16 23 21 39
Pr 9 3 <2 7 <2 9
Sc 36 22 <1 22 24 24
V 203 133 295 80 9 156
Cr 64 5 131 7 <1 6
Ni 44 8 88 11 3 9
Cu 10 39 258 4 5 8
Zn 113 97 115 92 52 78
Sn <2 4 <2 <2 <2 4
Mo 3 <2 2 2 <2 3
Ga 24 21 17 23 9 19
As 1.5 1 <0.5 <0.5 3.5 <0.5
S 40 110 70 220 130 190
Bi <2 <2 <2 2 <2 <2
Hf 6 6 2 9 3 3
Ta <2 <2 3 <2 <2 <2
Cs <3 <3 <3 3 12 7
Ge 2.5 1 0.5 3 <0.5 2
Se <1 <1 1 1 <1 <1
mg 0.18 0.28 0.36 0.22 0.29 0.22
Ti/P 6.63 7.17 11.07 10.30 5.69 4.25
P/Ce 31.57 25.34 29.10 12.77 13.28 29.10
K/Rb 398.47 401.79 332.06 337.47 314.45 143.20
WBa 37.59 50.35 24.60 65.64 59.30 40.48
K/Zr 19.07 90.90 6.09 110.10 68.72 149.75
Rb/Sr 0.03 0.41 0.02 0.84 0.27 0.47
Ti/Zr 47.04 25.50 79.75 19.13 11.51 53.29
Zr/Nb 17.42 22.10 18.17 23.50 25.17 8.50
Ce/Y 1.27 0.86 1.17 1.21 0.92 1.38
